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FOREWORD

The Superfund Amendments and Reauthorization Act (SARA) of 1986
(Public Law 99-499) extended and amended the Comprehensive Environmental
Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).
This public law directed the Agency for Toxic Substances and Disease
Registry (ATSDR) to prepare toxicological profiles for hazardous
substances which are most commonly found at facilities on the CERCLA
National Priorities List and which pose the most significant potential
threat to human health, as determined by ATSDR and the Environmental
Protection Agency (EPA). The lists of the 250 most significant hazardous
substances were published in the Federal Register on April 17, 1987, on
October 20, 1988, on October 26, 1989, and on October 17, 1990.

Section 104(i)(3) of CERCLA, as amended, directs the Administrator of
ATSDR to prepare a toxicological profile for each substance on the list.
Each profile must include the following content:

(A) An examination, summary, and interpretation of available
toxicological information and epidemiological evaluations on the
hazardous substance in order to ascertain the levels of significant
human exposure for the substance and the associated acute, subacute,
and chronic health effects,

(B) A determination of whether adequate information on the health
effects of each substance is available or in the process of
development to determine levels of exposure which present a
significant risk to human health of acute, subacute, and chronic
health effects, and

(C) Where appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may present
significant risk of adverse health effects in humans.

This toxicological profile is prepared in accordance with guidelines
developed by ATSDR and EPA. The original guidelines were published in the
Federal Register on April 17, 1987. Each profile will be revised and
republished as necessary, but no less often than every three years, as
required by CERCLA, as amended.

The ATSDR toxicological profile is intended to characterize succinctly
the toxicological and adverse health effects information for the hazardous
substance being described. Each profile identifies and reviews the key
literature (that has been peer-reviewed) that describes a hazardous
substance’s toxicological properties. Other pertinent literature is also
presented but described in less detail than the key studies. The profile
is not intended to be an exhaustive document; however, more comprehensive
sources of specialty information are referenced.
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Foreword

Each toxicological profile begins with a public health statement,
which describes in nontechnical language a substance's relevant
toxicological properties. Following the public health statement is
information concerning significant health effects associated with exposure
to the substance. The adequacy of information to determine a substance's
health effects is described. Data needs that are of significance to
protection of public health will be identified by ATSDR, the National
Toxicology Program (NTP) of the Public Health Service, and EPA. The focus
of the profiles is on health and toxicological information; therefore, we
have included this information in the beginning of the document.

The principal audiences for the toxicological profiles are health
professionals at the federal, state, and local levels, interested private
sector organizations and groups, and members of the public.

This profile reflects our assessment of all relevant toxicological
testing and information that has been peer reviewed. It has been reviewed
by scientists from ATSDR, the Centers for Disease Control, the NTP, and
other federal agencies. It -has also been reviewed by a panel of
nongovernment peer reviewers and is being made available for public
review. Final responsibility for the contents and views expressed in this
toxicological profile resides with ATSDR.

William L. Roper, ., M.P.H.
Administrator

Agency for Toxic Substances and
Disease Registry
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1. PUBLI C HEALTH STATEMENT

This Statenent was prepared to give you information about plutonium
and to emphasi ze the human health effects that may result from exposure
to it. The Environnental Protection Agency (EPA) has identified 1.177
sites on its National Priorities List (NPL). Plutonium has been found
above background levels at five of these sites. However, we do not know
how many of the 1,177 NPL sites have been evaluated for plutonium As
EPA eval uates nore sites, the nunber of sites at which plutoniumis
found may change. The infornmation is inportant for you because
pl ut oni um may cause harnful health effects and because these sites are
potential or actual sources of human exposure to pl utonium

When a radioactive chemcal is released froma |arge area such as
an industrial plant, or froma container such as a drumor bottle, it
enters the environnent as a radioactive chemcal. This em ssion, which
is also called a rel ease, does not always |ead to exposure. You can be
exposed to a chem cal only when you conme into contact with the chenical
You may be exposed to it in the environnent by breathing, eating, or
drinki ng substances containing the chemcal or fromskin contact with
it.

If you are exposed to a hazardous substance such as pl utoni um
several factors will determ ne whether harnful health effects will occur
and what the type and severity of those health effects will be. These
factors include the dose (how nuch), the duration (how long), the route
or pathway by which you are exposed (breathing, eating, drinking, or
skin contact), the other chemcals to which you are exposed, and your
i ndi vidual characteristics such as age, sex, nutritional status, famly
traits, life style, and state of health.

1.1 WHAT IS PLUTONI UM?

Plutoniumis a silvery-white radi oactive netal that exists as a
solid under normal conditions. It is produced when urani um absorbs an
atom c particle. Small anmounts of plutoniumoccur naturally, but |arge
anounts have been produced by man in nuclear reactors. Plutoniumcan be
found in the environnent in several forns called i sotopes. The nost
common plutoniumisotopes are plutoni um 238 and pl utoni unm 239. Because
plutoniumis a radioactive elenent, it constantly changes or "decays."
In this decay process, energy is released and a new product is forned.
The energy released is called radiation. Wen plutonium decays, it
divides into two parts -- a snall part that we call "al pha" radiation
and the remainder, different fromoriginal plutonium called the
daughter. The daughter is also radioactive, and it, too, continues to
decay until a nonradi oactive daughter is forned. During these decay
processes, al pha, beta, and gammma radi ation are rel eased. Al pha
particles can travel only very short distances and cannot go through the
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t hi ckness of your skin. Beta particles can travel farther and can
penetrate a fewmllineters into your tissues. Gamma radi ation travels
the farthest and can go all the way through your body. It takes about

90 years for one-half of a quantity of plutonium 238 to break down to
its daughter and about 24,000 years for this to happen to pl utoni um 239.

Pl ut oni um 238 is used to provide on board power for electronic
systens in satellites. Plutonium239 is used primarily in nuclear
weapons. Most plutoniumis found conbined with ot her substances, for
exanmpl e, plutonium dioxide (plutoniumw th oxygen) or plutoniumnitrate
(plutoniumw th nitrogen and oxygen). Mre information about the
properties and uses of plutoniumcan be found in Chapters 3, 4, and 5.

1.2 HOW M GHT | BE EXPOSED TO PLUTONI UM?

Pl ut oni um has been rel eased to the environnment prinmarily by
at nospheric testing of nuclear weapons and by acci dents at weapons
production and utilization facilities. In addition, accidents involving
weapons transport, satellite reentry, and nuclear reactors have al so
rel eased snaller amounts of plutoniuminto the atnosphere. Wen
pl ut oni um was rel eased to the atnosphere, it returned to the earth's
surface as fallout. Average fallout levels in soils in the United
States are about 2 millicuries (nC)/square kiloneter (about 0.4 square
mles) for plutonium239 and 0.05 nCi/square kil oneter for plutonium
238. Amllicurie is a unit used to neasure the anount of
radioactivity; 1 nC of plutonium 239 weighs 0.016 gm while 1 nC of
pl ut oni um 238 wei ghs 0. 00006 gm Measurements in air have been nmde at
a few | ocations. For exanple, air levels of plutonium239 in New York
City in the 1970s were reported to be 0.00003 picocuries (pC) per cubic
neter of air. One pC is one billionth of a nCi. Persons who work at
nucl ear plants using plutoniumhave a greater chance of being exposed
t han individuals in the general popul ati on. However, you could be
exposed to plutoniumif there was an accidental rel ease of plutonium
during use, transport, or disposal. Because plutonium does not rel ease
very nuch gamma radi ation, harnful health effects are not likely to
occur from being near plutoniumunless you breathe or swallow it. You
may find nore information about exposure to plutoniumin Chapter 5.

1.3 HOW CAN PLUTONI UM ENTER AND LEAVE MY BODY?

You are nost likely to be exposed to plutoniumby breathing it in.
Once breathed in, the amount that stays in the |lungs depends upon
several things, particularly the particle size and form of the plutonium
compound breathed in. The forns that dissolve easily may be absorbed
(pass through the lungs into other parts of the body) or sone may renmin
in the lung. The fornms that dissolve |less easily are often coughed up
and then swal |l owed. However, sone of these may also remain in the |ung.
Plutoniumtaken in with food or water is poorly absorbed fromthe
stomach, so nost of it |eaves the body in feces. Absorption of
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pl ut oni um t hrough undamaged skin is very limted, but it may enter the
body t hrough wounds.

Some of the plutonium absorbed into the body | eaves the body in
urine. The rate of plutoniumrenoval fromthe tissues of the body is
very sl ow, however, occurring over years. Mst of the plutoniumthat
stays in the body is found in the lungs, liver, and sireleton. You may
find nore informati on about this subject in Chapter 2.

1.4 HOW CAN PLUTONI UM AFFECT MY HEALTH?

Plutoniummay remain in the lungs or nove to the bones, liver, or
ot her body organs. It generally stays in the body for decades and
continues to expose the surrounding tissues to radiation. This may
eventual |y increase your chance of devel opi ng cancer, but it would be
several years before such cancer effects becane apparent. The
experimental evidence is inconclusive, and studies of some human
popul ati ons who have been exposed to |ow | evels of plutoni um have not
definitely shown an increase in cancer. However, plutonium has been
shown to cause both cancers and other damage in |aboratory aninals, and
m ght affect the ability to resist disease (i mune system. W do not
know i f plutonium causes birth defects or affects the ability to have
chil dren. However, radioactivity from other radi oactive conpounds can
produce these effects. If plutoniumcan reach these sensitive target
ti ssues, radioactivity from plutonium may produce these effects. Mre
information on the health effects of plutoniumis presented in
Chapter 2.

1.5 WHAT LEVELS OF EXPOSURE HAVE RESULTED | N HARMFUL HEALTH EFFECTS?

Plutoniumis odorless and tastel ess so you cannot tell if you are
bei ng exposed to plutonium If you breathe in plutonium sonme of it
will be retained in your body. Wen discussing harnful health effects,

t he amount of plutoniumthat caused these effects is usually given as

t he anpunt of plutoniumretained or deposited in the body rather than as
the anount that was in the air. As indicated in Tables I-1 through 1-4,
there is no information fromstudies in humans or animals to identify
the specific levels of exposures to plutoniumin air, food, or water
that have resulted in harnful effects. However, it is generally assuned
t hat any anount of absorbed radiation, no matter how small, may cause
sonme damage. When expressed as the amount of radioactivity deposited in
t he body per kil ogram of body weight (kg bw) as a result of breathing in
pl ut oni um studies in dogs report that 100,000 pC plutonium kg bw
caused serious lung damage within a few nonths, 1,700 pGCi/kg bw caused
harmto the i mune system and 1,400 pC/kg bw caused bone cancer after
4 years. In each of these cases the dogs were exposed to the pl utonium
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TABLE 1-1. Human Health Effects from Breathing Plutonium*

Short-term Exposure
(less than or equal to 14 days)

Levels in Air Length of Exposure Description of Effects
The health effects

resulting from short-
term exposure of humans
breathing specific
levels of plutonium
are not known.

Long-term ExXposure
(greater than 14 days)

Levels in Air Length of Exposure Description of Effects
. The health effects

resulting from long-
term exposure of humans
breathing specific
levels of plutonium

are not known.

*See Section 1.2 for a discussion of exposures encountered in daily life.
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TABLE 1-2. Animal Health Effects from Breathing Plutonium

Short-term Exposure

(less than or equal to 14 days)

Levels in Alr Length of Exposure Description of Effects
The health effects

resulting from short-
term exposure of animals
breathing specific
levels of plutonium

are not known.

Long-term Exposure
(greater than 14 days)

Levels in Air Length of Exposure Description of Effects
The health effects

resulting from long-
term exposure of animals
breathing specific
levels of plutonium

are not known.
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Human Health Effects from Eating or Drinking Plutonium¥*

Short-term Exposure
(less than or equal to 14 days)

Levels in Food

Levels in Water

Length of Exposure Description of Effects

The health effects result-
ing from short-term
exposure of humans to
food containing specific
levels of plutonium are
not known.

The health effects result-
ing from short-term
exposure of humans to
water containing specific
levels of plutonium are
not known.

Long-term Exposure
(greater than 14 days)

Levels in Food

Levels in Water

Length of Exposure Description of Effects
The health effects result-
ing from long-term
exposure of humans to
food containing specific
levels of plutonium are
not known.

The health effects result-
ing from long-term
exposure of humans to
water containing specific
levels of plutonium are
not known.

*See Section 1.2 for a discussion of exposures encountered in daily life.
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TABLE 1-4. Animal Health Effects from Eating or Drinking Plutonium

Short-term Exposure
(less than or equal to 14 days)

Levels in Food Length of Exposure Description of Effects
The health effects result-

ing from short-term
exposure of animals to
food containing specific
levels of plutonium are
not known.

|
[
|
|
|
i

Levels in Water
The health effects result-

ing from short-term
_exposure of animals to
water containing specific
levels of plutonium are
not known.

Long-term Exposure
' (greater than 14 days)

Levels in Food Length of Exposure Description of Effects
The health effects result-

ing from long-term
exposure of animals to
food containing specific
levels of plutonium are
not known.

Levels in Water
The health effects result-

ing from long-term
exposure of animals to
water containing specific
levels of plutonium are
not known.
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inair for one day. You can find nore information on the health effects
of plutoniumin Chapter 2.

1.6 1S THERE A MEDI CAL TEST TO DETERM NE WHETHER | RAVE BEEN
EXPOSED TO PLUTONI UwP

There are tests available that can reliably neasure the anopunt of
plutoniumin a urine sanple even at very |low | evels. These neasurenents
can be used to estimate the total anount of plutoniumthat is carried by
t he body. However, these measurenents cannot be used to directly
determine the levels to which the person was exposed or to predict the
potential for health effects. In addition, there are tests to nmeasure
plutoniumin soft tissues (such as body organs), feces, bones, and mlk.
These tests are not routinely available in your doctor's office because
speci al |aboratory equipnent is required. You can find nore information
on met hods used to neasure |levels of plutoniumin Chapters 2 and 6.

1.7 WHAT RECOWMMENDATI ONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT
HUVAN HEALTH?

Cui del i nes for radiation protection have been established for the
general public and for occupational settings. These guidelines are
expressed in units called renms. Aremis a unit that neasures the
amount of radiation absorbed by the body. For people in the general
popul ati on, national guidelines recomend dose limts of 0.5 rens/year,
whil e international guidelines set dose |imts of 0.5 renms/year for
short-term exposure and 0.1 rens/year for |ong-term exposure. For
workers in industries where exposure to radiation may occur, the EPA has
reconmended a dose linit of 5 rens/year. This is the sane dose limt
set for workers by the International Comm ssion on Radi ol ogi cal
Protection (ICRP). The ICRP has developed limts for the anount of
radi oactivity we take into the body, called Annual Limts on Intake
(ALlIs), and for the anount of radioactivity in the air we breathe,
call ed Derived Air Concentrations (DACS). For workers exposed to
plutonium 239 in air, the AL1 is 20,000 pC/year and the DACis 7 pC/m
of air. The ALIs and DACs vary with each plutoniumisotope. You may
find nore information on regul ati ons and guidelines in Chapter 7.

1.8 WHERE CAN | GET MORE | NFORMATI ON?

If you have any nore questions or concerns not covered here, please
contact your State Health or Environnmental Departnent or:

Agency for Toxic Substances and D sease Registry
Di vi si on of Toxi col ogy

1600 difton Road, E-29

Atl anta, Georgia 30333
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Thi s agency can al so give you information on the |ocation of the
near est occupational and environnmental health clinics. Such clinics
speci alize in recognizing, evaluating, and treating illnesses that
result from exposure to hazardous substances.
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2.1 | NTRODUCTI ON

This chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
plutonium Its purpose is to present |evels of significant exposure to
pl ut oni um based on toxicol ogi cal studies, epidem ol ogi cal
i nvestigations, and environmental exposure data. This information is
presented to provide public health officials, physicians, toxicologists,
and other interested individuals and groups with (1) an overal
perspective of the toxicology of plutoniumand (2) a depiction of
significant exposure |levels associated with various adverse health
ef fects.

Plutoniumis a radi oactive el enent. Radi oactive elenents are those
t hat undergo spontaneous transformati on (decay) in which energy is
rel eased (enmitted) either in the formof particles, such as al pha or
beta particles, or waves, such as gamm or X-ray. This transformation
or decay results in the formation of new el enments, sonme of which may
t henmsel ves be radi oactive, in which case they will al so decay. The
process continues until a stable (nonradi oactive) state is reached (see
Appendi x B for nore information).

Radi onucl i des can produce adverse health effects as a result of
their radioactive properties. Wth toxicity induced by the chem cal
properties of an element or its conpounds, the adverse effects are
characteristic of that specific substance. Wth toxicity induced by
radi oacti ve properties, the adverse effects are independent of the
chem cal toxicity and are related to the anbunt and type of radiation
absorbed by the target tissues or organs. Wile the chenical properties
affect the distribution and biological half-life of a radionuclide and
i nfl uence the retention of the radionuclide within a target organ, the
damage froma type of radiation is independent of the source of that
radi ati on. The adverse health effects reported in Chapter 2 are rel ated
to the radi oactive properties of plutoniumrather than its chem ca
properties. In this profile, there is little or no specific information
regarding the influence of plutoniumon specific target organs in
hurmans, |eading to reproductive, devel opnmental, or carcinogenic effects.
There is evidence, however, fromthe |arge body of literature concerning
radi oacti ve substances that al pha radiation can affect these processes
in humans (BEIR IV 1988; UNSCEAR 1982) ( see Appendix B for additional
i nformati on on the biological effects of radiation).

Pl utoniumexists in several isonmeric forns, the nost inportant of
whi ch are plutonium 238 and pl utoni um 239. Wen pl utoni um decays, it
emts primarily al pha particles (ionized heliumatons), except for
pl ut oni um 241 whi ch decays by beta em ssion. Al pha particles are highly
i oni zing and, therefore, damaging, but their penetration into tissue is
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slight. Biological damage is limted to cells in the imediate vicinity
of the al pha-emtting radioactive nateri al

The potential for adverse health effects caused by the plutonium
i sotopes i s dependent on several factors including solubility,
distribution in the various body organs, the biological retention tine
in tissue, the energy of the radioactive em ssion, and the half-life of
the isotope (EPA 1977). A potential health hazard results when
pl utoniumis inhal ed and deposited in lung tissue or is ingested or
enters the body through wounds. Subsequent translocation of sonme of the
plutoniumfromthe lungs to tissues and organs distant fromthe site of
entry results in radiation damage to these tissues as well as to the
lung. For the two nost studied isotopes, plutonium 238 and pl utonium
239, radioactive half-life (86 and 24,000 years, respectively) and
bi ol ogical retention tine are very long, resulting in prol onged exposure
of body organs to al pha radiation (EPA 1977). Pl utonium isotopes
general ly exist as conplexes with other elenents or conpounds (see
Chapter 3 for information on chem cal and physical properties of
pl ut oni um and pl ut oni um conpounds). Pl utoni um 238 compounds and certain
pl ut oni um 239 conpounds, such as the nitrate forns, are nore soluble in
lung tissue than plutonium 239 dioxide. Thus, plutonium 239 dioxide
will be retained longer in lung tissue follow ng inhalation than the
nore sol uble forms, plutonium 238 conpounds or plutonium239 nitrate.
I nsol ubl e plutoniumis inhaled as particles. Particle size determ nes
deposition patterns and consequently, clearance patterns fromthe | ung;
therefore, particle size is directly related to retention and the
resulting radiol ogi cal dose. These characteristics also affect the
toxicity and target organs of the various isotopes.

Nuner ous studi es have been conducted in | aboratory animals to
devel op a better understanding of the physiological effects of exposure
to plutonium These studies have increased our understandi ng of the
deposition of plutoniumin various body organs and of the tinme of
retention, as well as providing an extensive database on the adverse
health effects of plutonium The rel evant toxicol ogical properties of
pl ut oni um and significant health effects related to exposure to
pl ut oni um are described in this chapter.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons
l'iving or working near hazardous waste sites, the data in this section
are organi zed first by route of exposure -- inhalation, oral, and dernma
-- and then by health effect -- death, systenic, imrunol ogical
neur ol ogi cal , devel opnental, reproductive, genotoxic, and carci nogenic
effects. These data are discussed in terns of three exposure periods --
acute, internediate, and chronic.
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Level s of significant exposure for each exposure route and duration
(for which data exist) are presented in tables and illustrated in
figures. The points in the figures show ng no-observed-adverse- ef f ect
| evel s (NOAELS) or | owest-observed-adverse-effect |evels (LOAELS)
reflect the actual |evels of exposure used in the studies. LOAELs have
been classified into "l ess serious" or "serious" effects. These
distinctions are intended to help the users of the docunment identify the
| evel s of exposure at which adverse health effects start to appear,
determ ne whether or not the intensity of the effects varies with dose
and/ or duration, and place into perspective the possible significance of
these effects to human heal t h.

The significance of the exposure |levels shown in the tables and
figures may differ depending on the user's perspective. For exanple,
physi ci ans concerned with the interpretation of clinical findings in
exposed persons or with the identification of persons with the potenti al
to devel op such di sease nay be interested in | evels of exposure
associated with “serious” effects. Public health officials and project
managers concerned with response actions at Superfund sites nmay want
information on | evels of exposure associated with nore subtle effects in
humans or animals (LOAEL) or exposure |evels bel ow which no adverse
effects (NOAEL) have been observed. Estimates of |evels posing mninma
risk to humans (M ninmal Ri sk Levels, MRLs) are of interest to health
professionals and citizens alike.

The activity of radioactive elenments has traditionally been
specified in curies (C). The curie is approximately 37 billion
di sintegrations (decay events) per second (3.7x10x' dps). In discussing
plutonium a smaller unit, the picocurie (pC) is used, where 1 pG is
equal to 1x10™ G . In international usage, the S.I. unit (the
International Systemof Units) for activity is the Becquerel (Bqg), which
is equal to one disintegration per second or about 27 pC. (Information
for conversion between units is given in Chapter 9 and Appendix B.) In
the text of this profile units expressed in pC are followed by units in
Bg contained in parentheses. The activity concentration is a
description of the anpunt of plutoniumdeposited in |lungs after
i nhal ati on exposure or administered to animals by the oral route or by
ot her routes of exposure rather than an expression of dose. In
radi ati on biology, the termdose refers specifically to the anount of
energy inparted by the enmtted radiation that is absorbed by a
particular tissue or organ. This dose is expressed in rads (G ays).

2.2.1 Inhal ation Exposure

Nunerous inhal ation studies in rats, mice, hansters, dogs, and

nonhuman pri mates have been, conducted or are still on-going. In the
majority of these studies, the test animals received a single inhalation
exposure to either plutonium 238 or plutonium 239, adm nistered as the
di oxide, the citrate, or the nitrate. Observation continued, or is
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continuing, for the lifespan of the aninals. Anpbng the issues studied
were the conparative toxicity of plutonium 238 and pl utonium 239, the
ef fect of particle size on deposition and expressed toxicity, the effect
of age at first exposure, the target organs and tine-course of the

di sease process, and the differences in species sensitivity. In each
case, animals were exposed by inhalation to an aerosol of plutonium
particles of different aerodynam c sizes and to different anmounts of
radi oactivity in the aerosol. Environmental levels (i.e., the anpunt of
pl utoni umradi oactivity present in the aerosol) were usually not given.
Rat her, the anpbunt of plutoniumwas expressed as a "lung burden" or
"initial alveolar deposition" or "initial lung deposition," i.e., the
total anpbunt of radioactivity retained in the lung after the exposure.
Wor ki ng from experinment-specific body wei ghts, plutonium deposition
levels in this profile have been expressed as pC pl utoniunf kg body

wei ght. When literature val ues were expressed as "radi oactivity per
gram of lung tissue," these values were also converted to pGi

pl ut oni um kg body weight if lung weight or ratio of lung weight to body
wei ght was given. Health effects associated wi th plutoni um deposition
in units of pC plutonium kg body weight, for acute, internedi ate, and
chroni ¢ exposure duration (for which data exist) are presented in Table
2-1 and illustrated in Figure 2-1.

2.2.1.1 Deat h

Anal yses of nortality anobng persons chronically exposed to
pl utoniumin the workplace have been conducted. In the three
occupational cohorts studied (Los Al anpbs Laboratory, Rocky Flats
facility, and Hanford Plant), there were consistently fewer deaths than
expected based on data for United States white males (G | bert and Marks
1979; Voelz et al. 1983a, 1983b; WIkinson et al. 1987). This
phenonmenon is generally attributed to the "healthy worker effect,” which
hol ds that individuals in the work force are healthier than those in the
general popul ation. However, in a refined cohort fromthe Rocky Flats
facility, the nortality of plutoniumexposed workers was conpared to
t hat of unexposed workers fromthe sane plant. It was reported that
death fromall causes was el evated in exposed individuals but the
i ncrease was not statistically significant (WIkinson et al. 1987).

Statistically significant decreases in nmean survival tine in
treated animals conpared to controls have been reported in rats, nice,
hanst ers, dogs, and baboons followi ng a single, acute inhalation
exposure to plutonium 239 or plutonium238. A single exposure to
pl ut oni um 239 resulting in deposition | evel s ranging from2.3x10* to
7.2x10° pG (8.5x10° to 2.7x10°Bq)/ kg body wei ght produced a decrease
in survival time in rats (Metivier et al. 1986; Sanders et al. 1976,
1988), in mice (Lundgren et al. 1987), in hanmsters (in the high-dose
group, males only) (Sanders 1977), in dogs (Dagle et al. 1988;
Muggenburg et al. 1987a; Park et al. 1988), and in baboons (Metivier et



TABLE 2-1. Health Effects Associated with Plutonium Deposition - Inhalation

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serlous Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Species
ACUTE EXPOSURE
Death
1 Rat 1d 1.7x10% 4.9%105 (dec lifespan) Metivier et al. 23%py0,
1986
2 Rat 1d 2.5x10% (dec lifespan)  Sanders et al. 238pyo,
30 min 1977
3 Mouse 1d 2.1x10% (dec lifespan) Lundgren et al. 23%9pu0,
1987
4 Hamster 1d 2.1x10% (dec lifespan)  Sanders 1977 239pup,
30 min
5 Dog 1d 6.2x103 (dec lifespan) Park et al. 1988 239PuO2
3 Dog 1d 2.8x10% (dec lifespan) Park ot al. 1988 233puo,
Systemic
7 Rat. id Resp 1.6x10€ (pneumonitis) Sanders and 239py0,
30 min Mahatfey 1979
8 Rat 1d Resp 1.6x105 (fibrosis) Sanders et al. 239py0,
1988
9 Rat, 1d Resp 6.3x105 (pneumonitis) Sanders et al. 238E’u02
30 min Other 2.5x108 1977
10 Rat 1d Resp 4.3x105 (inc collagen ct) Metivier et al. 2:’gPqu
1978a
11 Mouse 1d (days) Resp 3.6x103  8.4x105 (biochem effects) Talbot and 239py0,
Other 8.4x105 (inc lung wt) Moores 1985
12 Hamster ldose Resp 1.4x108 (metaplasia) Sanders 1977 238py0,
30 min Other 1.4x108
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TABLE 2-1 (contipued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Species
13 Hamster 1d Resp 1.4x10% (pneumonitis) Sanders 1977 2391‘u02
30 min Other 1.4x106
14 Dog 1d Resp 1.0x105 (pneumonitis) Muggenburg et 239PuO2
al. 1987a
15 Dog 1d Resp 1.3x105 (pneumonitis) Dagle et al. 23%u(No,),
Hemato 1.3x105 (lymphopenia) 1988
Hepatic 4.6x10% (altered enz) N
16 Dog 1d Hemato 6.1x10% (lymphopenia) Park et al. 1988 23%pyo,
Hepatic 6.1x103 (inc enzymes) :é
5 239 fa Iy
17 Dog id Resp . 4.6x10° (pneumonitis) Park et al. 1988 PuO, o o
Hemato 6.1x107 (dec lymphocytes)
Hepatic 4.6x105 m
2|
18 Dog id Resp 1.1x10% (dec resp funct) Muggenburg et 239Pu02 g
al. 1988 —
w
19 Dog 1d 1.0x105 (fibrosis) Mewhinney et al. 238pu0,
1987a
Immunological
20 Mouse 1d 4.5x10% (dec macrophage) Moores et al. 239PuO2
1986
21 Hamster 1d 7.1x10% (dec Ab form cell) Bice ot al. 1979 23%9puo,
22 Dog 1d 1.7x103 (lymphadenopathy) Park ot el. 1988 z”Pqu
23 Dog 1d 6.1x10% (lymphadenopathy) Park et al. 1988  238PuO,




TABLE 2-1 (continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Species
Cancer
24 Rat 1d 3.1x10% (CEL-lung) Sanders et al. 238pu0,
30 min 1977
25 Rat 1d 4,3x10% (CEL-1lung) Sanders et al. 23%py0,
1988
26 Rat id 1.7x10% (CEL-1lung) Mativier et al. 239pu0,
1986
‘27 Dog 14 2.3x10% (CEL-skeletal)  Dagle et al. 23%py(Ko,),
1988
28 Dog 1d 1.4x103 (CEL-skeletel)  Park et al. 1988 23%pu0,
29 Dog 1d 2.1x10* (CEL-lung) Muggenburg et 239pu0,
al. 1987=
30 Dog 1d 1.9x10* (CEL-liver) Gillett st al. 238pyo,
1988
3 Dog 1d 8.7x10% (CEL-lung) Park et al. 1988 23%Puo,
INTERMEDIATE EXPOSURE
Death
32 Mouse 1 yr 4.1x105 (dec lifespan) Lundgren et al. 239p40,
bimonthly 1987
33 Hamster lyr 7.1x10% Lundgren et al. 239PuO2

bimonthly

1983
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TABLE 2-1 (continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Raference Species
Systemic
34 Hamster 1 yr Resp 1.4x10% (pneumonitis) Lundgren et al. 239PuO2
bimonthly 1983
Cancer
3s Rat Multiple 8.6x10% (CEL-lung) Sanders end 239py0,
Mahaffey 1981
36 Mouse 1 yr 1.8x10% (CEL-lung) Lundgren et al. 239PuO2
bimonthly : 1987

Ab form cell = antibody forming cells; biochem = biochemical; CEL = cancer effect level; ct = count; d = day; dec = decreased; enz = enzymes;
funct = function; Hemato = hematological; inc = increased; LOAEL = lowest observed adverse effect level; min = minute; NOAEL = no observed
adverse effect level; Resp = respiratory; wt = weight; yr=year
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al. 1974). In all species tested, death occurred within 1 to 3 years
after exposure and was usually caused by radi ati on pneunonitis
acconpani ed by edema, fibrosis, and other signs of respiratory danage.
Survival tinme decreased in a dose-related manner at deposited levels in
excess of approxi mately 1x10* pC (3. 7x10° Bq) pl utoni um 239 di oxi de/ kg
body wei ght.

Simlar results were observed in aninals given a single, acute
i nhal ati on exposure to plutonium 238, as the nore sol ubl e di oxi de or
nitrate (Mewhinney et al. 1987a; Park et al. 1988; Sanders 1977; Sanders
et al. 1977). Studies in dogs (Park et al. 1988) and hansters (Sanders
1977) have denonstrated that plutonium 239 was nore toxic than
pl ut oni um 238. The primary cause of death in aninals treated with
pl ut oni um 238 was al so radi ati on pneunonitis.

Exposure of hansters for an internedi ate duration (once every ot her
nmonth for a total of seven doses over 12 nonths) to plutonium 239
dioxide resulted in a statistically significant decrease in nedian
survival time only in the highest exposure group [at deposition |evels
of 3.5x10° pG (1.3x10* Bg) plutoni um 239/ kg body wei ght] (Lundgren et
al . 1983). Hansters receiving | ower exposures [at deposition |evels of
1.4x10%or 7.1x10° pC (5.2x10° or 2.6x10° Bqg) pl utoni um 239/ kg body
wei ght] had survival tinmes conparable to controls. Simlar exposure of
m ce (once every other nonth for a total of six doses over 10 nmonths) to
pl utoni um 239 [at deposited | evels of 1.8x104, 8.1x104, or 4.1x10° pC
(6. 7x10°, 3.0x10°, or 1.5x10°Bq) pl utonium 239/ kg body weight] resulted
in statistically significant decreases in survival in all three exposure
groups (Lundgren et al. 1987).

2.2.1.2 Systemic Effects

No studies were | ocated regarding gastrointestinal, cardiovascular,
renal, or dernal/opular effects in hunmans or animals after inhal ation
exposure to plutonium

Respiratory Effects. No studies were |ocated concerning
respiratory effects in hunans after inhalation exposure to plutonium

Radi ati on pneunonitis, characterized by al veol ar edema, fibrosis,
and, in sone cases, pulnonary hyperplasia and netapl asia, has been
observed in dogs, mce, rats, hansters, and baboons foll owi ng exposure
to high levels of plutonium 239 or piutonium 238 di oxi de. |In dogs,
radi ati on pneunonitis and pul nonary fibrosis were two of the primary
causes of death anong hi gh-dose groups receiving a |lung deposition of
approxi mately 1.0x10° pC (3.7x10'Bg) pl ut oni um 238/ kg body wei ght
(Mewhi nney et al. 1987a) or 1.0x10° to 4.6x10° pCG (3.7x10° to 1.7x10°
Bg) pl utonium 239/ kg body wei ght (Miuggenburg et al. 1987a; Park et al.
1988). The time to death was inversely related to the initial |ung
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burden; dogs that received approxi mately 1.0x10° pC (3. 7x10°Bq)

pl ut oni um 238/ kg body wei ght were dead by 600 days post-exposure, while
t hose receiving 2.1x10° pG (7.8x10° Bg) pl utoni um 238/ kg body wei ght
survived 1,000 to 2,000 days (Mewhinney et al. 1987a). In dogs. neither
the size of the particles (Miggenburg et al. 1987a) nor the age of the
animal at initiation of treatnment (CGuilnette et al. 1987; Miggenburg et
al. 1987b) altered the course of the respiratory effects. The pattern
of disease in dogs 8 to 10 years old (Miggenburg et al. 1987b) and

i mature dogs (Guilnette et al. 1987) was simlar to that seen in young
adult dogs, that is, radiation pneunbnitis occurred in the high-exposure
groups resulting in shortened survival tinmes. Lung carcinomas were
observed in | ower exposure groups in which dogs survived for a | onger
period of time (see Section 2.2.1.8 Cancer and Table 2-1).

Rats al so devel oped radi ati on pneunonitis within 12 nonths after a
single exposure that resulted in a deposited |evel of approximately
1.6x10° pG (5.9x10°Bqg) pl utoni um 239/ kg body wei ght (Sanders and
Mahaf fey 1979). However, in another study, tenporarily increased
col | agen deposition, but not pneunpnitis, occurred in rats follow ng
deposition of 2.810° to 2.7x10°pCi (1.0x10° to 1.0x10° Bqg) pl utoni um
239/ kg body weight (Metivier et al. 1978a). Radi ation pneunobnitis and
fibrosis were the major pathol ogi cal findings and causes of death in
mal e hansters at deposited level's of 1.4x10° pC (5.2x10"° Bg) pl utonium
239/ kg body weight (Sanders 1977) or 1.7x10°pG (6.3x10°Bq) pl utoni um
238/ kg body wei ght (Mewhi nney et al. 1986).

Baboons and nonkeys di spl ayed a respiratory di sease pattern simlar
to that seen in dogs and rodents. Sonme baboons died of radiation
pneunoni tis acconpani ed by pul nonary edena within 50 days after a single
exposure to plutoni um 239 di oxi de at deposited | evels of 2.88x10° to
7.2x10° pG (1.1x10* to 2.7x10° Bg)/ kg body weight (Metivier at al.

1974; 1978b). Radi ation pneunonitis and pul nonary fibrosis were al so
seen in Rhesus nonkeys exposed to plutonium dioxi de at deposited |evels
of 3.4x10%°to 2.3x10° pC (1.3x10° to 8.5x10° Bg)/ kg body wei ght (Hahn et
al . 1984; LaBauve et al. 1980). Death from pul nonary fibrosis occurred
in Rhesus nonkeys follow ng |ung deposition of 3.4x10° pG (1.3x10° Bq)
pl ut oni um 239 di oxi de/ kg body wei ght (Hahn et al. 1984).

At | evels bel ow those that caused acute radiation pneunonitis,
chronic al pha irradiation of lung tissue fromthe deposited plutonium
produced interstitial fibrosis. The term nal stage of
pneunoni tis/fibrosis was characterized by an increased respiratory rate
and decreased pul nonary conpliance. The cardi opul nonary function of
sone of the dogs in the study by Miuggenburg et al. (1986) was studied
further (Muggenburg et al. 1988). Pul nonary dysfunction was observed in
t hese animal s and appeared to be a chronic form of radiation pneunonitis
or pulmonary fibrosis. The authors noted that this chronic lung injury
occurred at |ower doses or after a long | atency period and, unlike the
radi ati on pneunonitis that was fatal to dogs usually within | -2 years,
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occurred over the sane tinme period and sane doses as the pul nonary
car ci noma.

Exposure of hanBters to plutonlun}239 d|0X|de [ at tlssue dep03|t|on
|l evel s of 1.4x10° 7.1x10% or 3.5x10° pC (5.2x10% 2.6x10°, or 1.3x10°
Bq) pIutonlun}239/kg body wei ght, once every other nonth for a total of
seven doses over 12 nont hs] resuited in several respiratory effects over
lifetime observation (Lundgren et al. 1983). Radi ation pneunonitis was
observed at all dose | evels. Bronchiolar hyperplasia was seen in al
groups, including controls, but incidences were statistically
significantly increased over controls only in the highest dose group.
The hi ghest dose group al so showed a statistically significant increase
in al veol ar squanous netapl asia (Lundgren et al. 1983).

In a simlar experinent, mce were exposed (once every other nonth
for a total of six doses over 10 nmonths) to plutonlun}239 d|0X|de
resultlng in dep05|t|on | evel s ranging from1.8x10' to 4.1x10° pCi
(6.7x10° to 1.5x10"Bqg) pl utoni um 239/ kg body wei ght, and were observed
for life (Lundgren et al. 1987). Radiation pneunonitis and fibrosis
were seen only in the highest dose group. However, the incidence of
bronchi al hyperpl asia was statistically S|gn|f|cant in the md- and
hi gh- dose gr oups [at deposition |levels of 8.1x10° or 4.1x10° pCi
(3.0x10°or 1.5x10" Bg) pl utonium 239/ kg body wei ght]. The highest
NCQAEL values and all reliable LOAEL values for respiratory effects in
each species and duration category are recorded in Table 2-1 and plotted
in Figure 2-1.

Hemat ol ogi cal Effects. No studies were | ocated regarding
hemat ol ogi cal effects in humans after inhalation exposure to plutonium

In on-going studies in dogs (Dagle et al. 1988; Park et al. 1988;
Ragan et al. 1986) the earliest observed biological effect was in the
hemat opoi eti ¢ system Aerosols of plutonium 239 or plutonium 238, as
the dioxide (Park et al. 1988), or plutonium?239 nitrate (Dagle et al
1988) were each administered at six treatnent |levels. Wth plutonium
239 or plutonium 238, as the dioxide, |ynphopenia occurred in the four
hlghest exposur e groups [ at dep03|ted | evel s of approximtely 6.1x10° to
4.6x10° pC (2.3x10° to 1.7x10" Bg) pl utonium kg body wei ght] (Park et
al. 1988), but only in the two hi ghest dose gr oups with plutonium 239
nitrate [1 3x10°-to 4.3x10° pC (4.8x10° to 1.6x10" Bg) pl utoni um 239
nitrate/ kg body weight] (Ragan et al. 1986). The |ynphopenia was doserel at ed
and correlated both in nmagnitude and time of appearance postexposure
with the initial lung burden for each plutoniumisotope. The
hi ghest NOAEL values and all reliable LOAEL val ues for hematol ogica
effects in each species and duration category are recorded in Table 2-1
and plotted in Figure 2-1.
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Hepatic Effects. No studies were |ocated regarding hepatic effects
in humans after inhalation exposure to plutonium

In a study by Dagle et al. (1988), increases in liver enzynes
occurred in dogs after a single _exposure that resulted in deposition
| evel s above 4.4x10° pG (1.6x10° Bg) plutonium 239 nitrate/ kg body
wei ght, conpared to untreated controls. In dogs, 4 to 13 years
follomnng a single inhalation exposure to pIutonlun}239 d|0X|de [ at
dep03|ted lung tissue levels of 2.4x10" to 8.7x10° pC (8.9x10° to
3.2x10° Bq) pl utoni um 239/ kg body weight] the livers were congested,
granul ar, and pignmented (Park et al. 1988).

Exposure of Syrian hansters to plutonium 239 di oxi de (once every
other nonth for a total of seven doses over 12 nonths) resulted in a
statistically significant increase in degenerative I|ver | esi ons |n tine
hi ghest exposure group [at deposition |evels of 3.5x10° pCG (1.3x10°Bq)
pl ut oni um 239/ kg body wei ght] (Lundgren et al. 1983). These | esions
i ncl uded degeneration, necrosis, fibrosis, and anyl oi dosis. However,
Lundgren stated that the | esions observed in these hansters were typica
of those usually seen in aged Syrian hansters ansters rece|V|n9 | ower
| evel s of deposited radioactivity [1.4x10° or 7.1x10° pG (5.2x10%or
2. 6x10° Bg) pl utoni um 239/ kg body wei ght] exhibited nonsignificant
increases in liver |esions.

Muscul oskel etal Effects. No studies were |ocated regarding
muscul oskel etal effects in humans after inhal ati on exposure to
pl ut oni um

I nvestigations of the radiation effects of plutoniumin | aboratory
animal s indicated that translocation of plutoniumfromthe lungs to
other tissues was dependent on several factors including the solubility
of the plutoniumisotope or conpound. Translocation to the bone
occurred with plutoniumcitrate and with plutoniumnitrate (Bair et al
1973). By 4,000 days post-exposure, osseous atrophy and radiation
ost eodystrophy occurred in dogs given a single inhalation exposure to
pl utoni um 238 dioxide (Gllett et al. 1988). The dose which resulted in
t hese specific effects was not reported. For further discussion of this
study see Section 2.2.1.8.

2.2.1.3 | mmunol ogi cal Effects

No studies were |ocated regarding the i munol ogical effects in
humans after inhal ation exposure to plutonium

Pl ut oni um 239 was transported to the tracheobronchial and
medi asti nal | ynph nodes where it concentrated with tinme, often reaching
hi gher levels in the | ynph nodes than in the lungs (Bair et al. 1973).
Lynphadenopat hy was associated with a high concentration of plutoniumin
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the thoracic and hepatic | ynph nodes of dogs at lung tissue deposition
levels as low as 1.7x10° pG (6.3x10" Bg) pl utoni um 239 di oxi de/ kg body
wei ght or 6.1x10°pC (2.3x10% Bg) pl utoni um 238 di oxi de/ kg body wei ght
(Park et al. 1988). Radiation-related effects in dogs included atrophy
and fibrosis of the tracheobronchial |ynph nodes (Gllett et al. 1988).
Decreases in pul nonary al veol ar nacrophages in nice (Mores et al. 1986)
and depressed-anti body-formng cells in hansters (Bite et al. 1979) were
reported. In addition, decreases in primry antibody responses in dogs
(Morris and Wnn 1978) were al so reported. The hi ghest NOAEL val ues and
all reliable LOAEL val ues for inmunol ogical effects in each species and
duration category are recorded in Table 2-1 and plotted in Figure 2-1.

No studies were located regarding the followi ng effects in humans or
animal s after inhalation exposure to plutonium

2.2.1. 4 Neur ol ogi cal Effects
2.2.1.5 Devel opnental Effects
2.2.1.6 Reproductive Effects
2.2.1.7 Genotoxic Effects

Epi dem ol ogi cal studies have thus far been limted and have not
establ i shed conclusively a direct associ ati on between pl utoni um exposure
by the inhalation route and increases in genetic effects. A doserel ated
i ncrease in chronosomal aberrations was observed anong 343
pl ut oni um exposed workers at the Rocky Flats facility. In this group,
system ¢ and lung plutoni um burdens of 18.6 to 571.4 pG (0.69 to 21.2
Bg) plutonium kg body wei ght were estimated based on urine anal yses and
I ung deposition estimates (Brandomet al. 1979). Because the
frequencies of aberrations were relatively |low and the dose estimates
i mpreci se, the authors advised caution regardi ng use of the data. A
study of blood |ynmphocyte chronosonmes of 54 plutoniumworkers in the
Uni ted Ki ngdom was conducted by Tawn et al. (1985). (This study is a
continuation of that reported in Schofield (1980).) Systenic body
burdens of 114 to >570.8 pC (4.3 to >21.1 Bqg) plutoniunf kg body wei ght
were estimated based on urine anal yses. Wile sone differences in the
di stribution of aberrations were seen in the radiation exposed groups,

t he authors concluded that significant deposits of plutoniumdid not
cause an increase in aberrations. In other studies, Manhattan Project

pl ut oni um wor kers (26 individuals) were followed for 27 to 32 years; no
apparent correl ati on was observed between the frequency of chronpsona
aberrations and pl utoni um body burdens [71.4 to 3.1x10° pC (2.6 to
114.8 Bqg) plutonium kg body wei ght based on urine anal yses] (Henpel mann
et al. 1973; Voelz et al. 1979).

Chromosonal aberrations were observed i n Rhesus nonkeys and Chi nese
hanmsters foll owi ng inhal ati on exposure to plutonium Increases in
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hronosomal aberrations in blood | ynphocytes were seen in inmature

Rhesus nonkeys in the hi gh-exposure groups exposed for a si ngl e day to
plutonlun}239 di oxi de [deposited | evels of 5x10* to 5x10° pC (1.9x10°

to 1.9x10" Bg) pl utoni um 239 di oxi de/ kg body weight] at 1 and 3 nonths
post - exposure, but not at |lower |evels (LaBauve et al. 1980). Doserel ated
increases in the frequency of chronmpbsonmal aberrations were

observed in Chinese hanster blood cells 30 days after exposure of the
animals to pIutonlun1at deposited | evel s of 1x10" to 2.6x10° pCi

(3.7x10° to 9.6x10° Bg) pl utoni um 239 di oxide/g of lung tissue (Brooks

et al. 1976a).

2.2.1.8 Cancer

Epi deni ol ogi cal studi es of occupational cohorts exposed to pl utonium
have been conducted at two plutonium processing plants, the Los Al anps
Nati onal Laboratory and the Rocky Flats Nucl ear Wapons Pl ant. A causal
i nk between pl utoni um exposure and cancer has not been denonstrated in
t hese studies, although there are sonme suggestions of effects. A
prospective nortality study was begun in 1952 on a group of 26 subjects
who worked with plutoniumat Los Al anpbs Laboratory during World Var 11
in the Manhattan Project. They have now been studied for 37 years
(Voelz et al. 1985). Foll ow up has included extensive nedical
exam nations and urine analyses to estimate plutonium body burdens,
whi ch showed system c pl utoni um deposition ranging from 2,000 to 95 000
pCG (74 to 3,500 Bg) plutoniumwi th a nmean of 26,000 pGi (9 6x10° Bq)
pl ut oni um Nbrtallty in this group as conpared to that of United States
white males in the general population was significantly | ess than
expected (2.0 vs. 6.6). In addition, no malignant neopl asns have
occurred during this extensive period of followup. Despite the fact
that this study involves only a small nunber of individuals, it provides
i nformati on about those who have encountered relatively high plutonium
exposures (resulting in deposition of up to 95,000 pG) and have been
foll owed over a considerable length of tine. A study of an additional
cohort of 224 Los Al anps nal e workers was begun in 1974 (Voelz et al
1983a). Average whol e body deposition was estinmated at 19,000 pCG (700
Bg) plutonium Mrtality, adjusted for age and year of death, was
conpared to that of United States nmales in the general popul ation.

Armong the cohort, 43 deaths were observed as conpared to 77 expected.
The nunber of deaths due to malignant neopl asns anong the cohort was

al so considerably | ower than expected (8 vs. 15) including only one |ung
cancer death vs. five expected.

The studies at the Rocky Flats facility consisted of nortality
studi es of workers at the plant (Voelz et al 1983b; WIkinson et al.
1987) and a study of residents living downwind fromthe facility
(Johnson 1981, 1988). Voelz et al. (1983b) reported the results of a
study of 7,112 workers enpl oyed at the Rocky Flats facility during 1952-
1979. (Observed deaths were significantly | ower than expected (452 vs.
831). Mualignant neoplasns were al so | ower than expected (107 vs. 167).
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In a re-analysis of the same Rocky Flats cohort, WIkinson et al.
(1987) investigated nortality patterns anmong those enpl oyed at the
facility for at least 2 years. This reduced the cohort size to 5,413
white mal es. Conparisons of nortality through 1979 were nade with
expected nortality for United States males in the general popul ation.
In addition, enployees were ranked according to plutonium body burden,
estimated by urinalyses, as either less than 2,000 pG (74 Bg) or
greater than 2,000 pC (74 Bqg) plutonium body burden. Conparisons were
made between these two exposure groups. When the cohort with at |east 3
years of enploynent was conpared to United States white nmales, the
observed nortality was | ess than expected. However, the incidences of
beni gn and unspeci fied neopl asns were greater than expected. These
conclusions regarding nortality are in conplete agreenment with Voel z et
al. (1983b). However, when the cohort reported by WIkinson et al.
(1987) was categorized by exposure [l ess than or greater than 2,000 pCi
(74 Bg)] and the two groups conpared, it was reported that the group
with greater exposure had slightly elevated risk for nortality from al
causes of death and fromall |ynphopoietic neoplasnms (WIkinson et al.
1987). However, the nortality ratios for |lung, bone, and liver cancer
were not el evated. The aut hors cautioned that conparisons between the
two exposure groups were often based on snall nunbers of cases, so the
preci sion of these observations is |ow. There were only four cases of
cancers classified as | ynphopoietic neoplasnms. In addition, they
suggested that the results could have been confounded by external

radi ati on exposure (fromworking in the plutoniumfacility) or by
potential interaction between plutoniumradiation and external

radi ati on.

A study of cancer nortality for 1969-1971 in residents near the
Rocky Flats facility indicated a somewhat hi gher incidence than normal
for all cancers in individuals living in the areas contam nated with
pl ut oni um (Johnson 1981). Tunors of the gonads (testes and ovaries),
liver, pancreas, and brain contributed to the higher incidence, whereas
t he incidences of |lung and bone tunors, frequently observed in
| aboratory ani mal studies, were not eievated. In a re-analysis of the
1969-1971 data, as well as cancer nortality in 1979-1981 (a nore
appropriate cancer |atency period for the Rocky Flats area
contam nation), Crunp et al. (1987) did not find an increase in the
i kel i hood of devel opi ng cancer for those living near the Rocky Flats
facility. Crunp et al. (1987) attributed the findings of Johnson (1981)
to the lack of consideration of confounding urban factors in the design
of the study.

Case control studies have been conducted to eval uate the incidence
of brain tunors and nel anomas, in order to exam ne the potenti al
associ ations with plutoni umexposure. The study of brain tunors at the
Rocky Flats facility and nel anomas at Los Al anps did not reveal an
associ ation of either disorder with plutoniumexposure (Reyes et al.
1983; Acquavella et al. 1983a).
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Two epi dem ol ogy studi es have been conducted on a cohort of workers
at the Hanford Plant, which produced plutoniumin nuclear reactors.
Because pl utoni um exposure was mnimal, the studies primarily related to
external radiation. Radiation work at Hanford includes reactor
operation, chenical separation, fuel fabrication, and research. The
radiation is primarily ganma, but al so includes neutron, X-radiation,
and tritiumexposure (G lbert and Marks 1979). Exposure |evels of
pl ut oni um were not reported and individuals w th plutonium body burdens
conprised | ess than 3% of the cohort. In one study, a cohort of 12,500
white mal e workers enployed at the Hanford Plant for at |east 2 years
was anal yzed for nortality as well as cause of death (Gl bert and Marks
1979). The nean dose was reported to be 4.75 rem Mortality from al
causes was significantiy less than that of United States white nal es.
Death from mal i gnant neopl asns of the pancreas and multiple nyel ona
occurred at rates higher than expected; deaths fromthese causes
occurred in the group with a dose greater than 15 rem This correlation
was based on a small nunmber of deaths (three each for cancer of the
pancreas and nmultiple nyeloma vs. 1 and 0.5 expected, respectively);
however, only the increase in the incidence of nmultiple nyel ona was
statistically significant.

In a re-evaluation of the Hanford cohort, which included
approxi mately 28,000 nmal e and fermal e workers, Kneale et al. (1981)
detected a significant increase in the cancers in radiosensitive tissues
in workers exposed to external radiation. Radiosensitive tissues
grouped together in their anal yses included cancers of the stonach,
| arge intestine, pancreas, pharynx, |lung, breast, reticul oendotheli al
system (I ynphona, nyel oma, nyel oid | eukeni a and others), and thyroid.
Appr oxi mat el y 50% of these cancers were in the |ung; however, snoking
hi stories were not considered in the analysis. O the male popul ati on,
only 3% or 225 nmen had definite evidence of internal radiation. Due to
this fact the authors stated that they could safely assune that the
i nci dence of cancer frominternal radiation was small conpared with that
associ ated with external radiation.

Studi es have indicated that plutoniumis a lung, skeletal, and |iver
carcinogen in animls depending on its chemcal form route of exposure,
and species. Inhaled plutonium239 dioxide is insoluble and is retained
primarily in the lungs and associ ated | ynph nodes (Miggenburg et al.
1987a; Park et al. 1988). Inhaled plutonium?238 is solubilized and is
subsequently translocated fromthe lung to the bone and liver (Gllett
et al. 1988). Wile the pattern of nonmalignant toxicity anong the
| aboratory species tested was simlar (i.e., radiation pneunonitis and
pul nonary fibrosis occurred in the higher radiation dose groups in all
species tested), species differences in the induction of cancer were
apparent. Wth the exception of Syrian hansters, cancer devel oped in
animals in the | ower exposure groups or in aninmals that survived initial
radi ati on damage to the | ungs.
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Experinments in dogs have provided the npst extensive database on
radi ati on-i nduced cancer follow ng inhalation exposure to plutonium
The nost frequently observed cancer in dogs treated with pl utonium 239
di oxi de was lung cancer. The ngjority of lung tunors in dogs were
bronchi ol ar-al veol ar carcinomas. In dogs treated wi th plutonium 238 or
the nore soluble forns of plutonium 239, such as the nitrate, plutonium
translocates fromthe lungs to other sites, where |liver and bone tunors,
in addition to lung tunors, have been reported.

Lung tunmors were the primary cause of death in dogs exposed to
plutonlun}239 dioxide at an initial |ung deposition as |low as 2.1x10"
pC (7.8x10° Bg) plutoni um 239/ kg body wei ght (Miggenburg et al. 1987a;
Park et al. 1988). In the study by Park et al. (1988), early deaths
anong dogs in the highest dose group receiving pIutoniun}239 resulted
fromradi ati on pneunonitis acconpani ed by respiratory dysfunction,
fibrosis, focal hyperplasia, and netaplasia. Increases in the incidence
of Iung cancer were statlstlcally S|gn|f|cant at three | ower doses of
6.2x10° pCG /kg (2. 3x10 Bg/ kg), 2.4x10" pCi/kg (8.9 Bg/kg), and at
8. 7x10" pCGi / kg (3. 2x10° Bq/kg)/kg body wei ght. The first Iung tunor was
found in a dog that died 37 nonths foll owi ng exposure; ultinmately, after
16 years post-exposure, 55 of the 136 dogs had |ung tunors.

Wth exposure to plutonium 238 di oxide, the primary cause of cancer
deat hs was osteosarcomas rather than lung tunors. However, lung tunors
frequently devel oped in dogs given a single inhalation exposure to
plutonlun}238 d|0X|de resulting in lung deposition levels as |ow as
1.4x10° pG (5.2x10" Bq) pl ut oni um 238/ kg body weight (Gllett et a
1988; Park et al. 1988). In the on-going study by Gllett et al.

(1988), of 144 dogs at the beginning of the experinment, 112 died by day
4,000 post-exposure; of these, 100 had osteosarcomas and 28 had | ung
cancer. Wth increasing tine after exposure, liver lesions increased in
severity, with the first liver tunor observed after 3,000 days; the
occurrence of primary liver tunors after inhalation exposure to

pl ut oni um 238 had not been reported previously.

Ost eosarcomas were the principal cause of death anong dogs glven a
S|ngle i nhal ati on exposure resultlng in deposited levels of 2.3x10° to
1.3x10° pG (8.5x10° to 4.8x10° Bg) plutonium 239 nitrate/ kg body
wei ght, al though sone lung tunors were observed (Dagl e et al 1988).

All dogs in the highest exposure group [4.2x10°pC (1.6x10°Bq)

pl ut oni um 239 nitrate/ kg body weight] died of radiation pneunonitis.
Cancer nortality in the three | owest exposure groups were conparable to
controls.

Statistically significant increases in |ung cancer, have been
reported in rats, with lung deposition levels of 3.1x10* pG (1.1x10° Bq)
plutonlun}238/kg body wei ght (Sanders et al. 1977) or greater than 3x10
pC (1.1x10° Bg) pl utoni um 239/ kg body wei ght (Sanders and Mahaffey
1979; Sanders et al. 1988). Wiile pulnmonary tunors in mce exposed to
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pl ut oni um 239 di oxide increased with increasing initial |ung deposition,
the incidence of lung tunors in any treated group was not statistically
significantly different fromthe untreated controls (Lundgren et al
1987).

The pul nonary toxicity of plutonium 239 di oxi de in Rhesus nonkeys
and baboons was simlar to that of other species; however, they appear
to be |l ess sensitive to radiation-induced |ung tunors than dcgs and
rats. A primary lung tunor occurred in one of nine Rhesus nonkeys that
survived for 9 years post-treatnent (Hahn et al. 1984). Two of 32
baboons developed l ung tunors (Metivier et al. 1974) at deposition
| evel s of 2.88x10°to 7.2x10° pC (1.06x10" to 2.67x10° Bg) pl ut oni um 239
di oxi de/ kg body wei ght; these deposition |evels are conparable to those
that resulted in lung tunors in dogs.

Syrian hanmsters appear to be resistant to lung tunor induction
follow ng inhalation of plutonium 239 or plutonium 238 particles.
Hansters were also resistent to radiation-induced |Iung cancer follow ng
exposure to other al pha-emtting radionuclides, such as radon and radon
daughters (ATSDR 1990). No statistically significant increases in tunor
i ncidence occurred in lifetinme studies in hanmsters that had received a
singl e inhal ati on exposure to plutoni um 238 di oxi de or pIutonluni239
di oxi de at Iung depOS|t|on | evel s of approximtely 1.4x10°to 1.7x10°
pC (5.2x10° to 6.3x10" Bq) pIutoniun}238/kg body wei ght (Mewhi nney et
al . 1987a; Sanders 1977) or 1.4x10° pG (5.2x10" Bg) pl utoni um 239/ kg
body meight (Sanders 1977).

Exposure of Syrian hansters for an internediate duration (once
every other nmonth for a totnl of seven doses over 12 nonths} to
pIutoniun}239 d|0X|de at dep03|ted Ievels of 1.4x10%, 7.1x10° or
3.5x10° pG (5. 2x107, 2. 6x10°, or 1.3x10" Bq) plutoniunikg body wei ght,
resulted in several respiratory effects (see Section 2.2.1.2), but no
lung tunors were observed in this study (Lundgren et aI. 1983). The
authors stated that the Syrian hanster may be an i nappropriate animal
nodel for lung cancer induction with al pha emtters.

Exposure of mce to plutonium 239 dioxide for an intermediate
duration (once every other nonth for a t ot al of si x doses over 10
nDnthsg at dep03|ted | evel s of 1.8x10° 8.1x10% or 4.1x10° pC (6. 7x10%
3.0x10°, or 1.5x10° Bq) pIutonlun}239/kg body melght resulted in
significant | ung tunor devel oprment in the two | ower dose groups
(Lundgren et al. 1987). Early nortality precluded tunor devel opnent in
t he hi ghest dose group. Pul nonary tunors (adenonas and adenocar ci nonas)
were seen in less than 2% of controls but in 13% of | ow dose animals and
18% of m d-dose ani nmal s.

In a study designed to investigate the effect of tenporal dosedistribution,
rats were exposed to plutonium 239 di oxi de once a nonth
for 3 nmonths with lung deposition levels totaling 8.6x10" pG (3.2x10°
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Bg) pl utonium 239/ kg body wei ght, or once a meek (for up to 22 weeks)
with lung depcsition totaling 1. 3x10° to 4.0x10° pC (4.8x10° to 1.5x10°
Bg) pl utoni um 239/ kg body wei ght (Sanders and Mahaffey 1961). Lung
tunmor occurrence ranged from 19 to 60%in treated animals with tunors
primarily categorized as adenocarci nomas and squanous carci nomas. No
significant difference in lung tunor incidence was observed in nice
exposed once a week versus mce exposed once a nonth for 3 nonths.
Based on total alveol ar deposition, a dose-dependent increase in the
i ncidence of all lung tunors was observed. Untreated controls were

i ncluded in the study, but tunor incidence for these aninmals was not
reported.

2.2.2 Oral Exposure

Exposure by the oral route may occur; however, absorption of

pl utoniumfromthe gastrointestinal tract appears to be linmted (see
Section 2.3). Health effects associated with oral exposure to plutonium
are presented in Table 2-2 and Figure 2-2.

2.2.2.1 Deat h

No studies were | ocated regarding death or |ifespan shortening in
humans after oral exposure to plutonium

Neonatal rats were given 3.3x10° pG (1.2x10°Bq) pl utoni um 238
citrate/ kg body wei ght by gavage (Fritsch et al. 1987). This single
exposure to plutoniumresulted in the death of 45% of the treated
ani mal s by 2 weeks post - exposur e. No deaths were reported in groups
gi ven 1x10°pG (3. 7x10° Bg) pl utoni um 238/ kg (Fritsch et al. 1987).

2.2.2.2 System c Effects

No studies were |ocated regarding respiratory, cardiovascular,
hemat ol ogi cal , nuscul oskel etal, hepatic, renal, or dermal/ocul ar effects
in humans or animals after oral exposure to plutonium

Gastrointestinal Effects. No studies were | ocated regarding
gastrointestinal effects in humans after oral exposure to plutonium

Gastrointestinal effects wer e observed in neonatal rats follomnng
adnmi ni stration by gavage of 1x10° or 3.3x10° pG (3. 7x10°or 1.2x10' Bq)
pl utoni um 238 citrate/ kg body weight (Fritsch et al. 1987). In the
| ower treatment group, nild hypertrophy of the crypts of the smal
intestine, which formthe secretions of the small intestine, was
observed 11 days post-exposure. Total di sappearance of epithelial cells
and crypts, conbined with intestinal henorrhagi ng, was observed in the
hi gher treatnment group, also sacrificed at 11 days. However, neonat al
rodents have i mmature and poorly enclosed crypts in the snall intestine,



TABLE 2-2.

Levels of Significant Exposure to Plutonium - Oral

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Species
ACUTE EXPOSURE
Death
1 Rat (G) 1d 1.0x105 3.0x108 Fritsch et al. 238py citrate
1987
Systemic
2 Rat (G) 1d Gastro 1.6x10!1 (path change) Sullivan et al. 239py0,
1960
3 Rat (G) 1d Gastro 1.0x10% (hypertrophy) 3.3x108 (intestinal Fritsch et al. 238py, citrate
hemor) 1987
Other 1.0x105 3.3x108 (growth
inhibit)

d = day; (G) = gavage; Gastro = gastrointestinal; hemor = hemorrhaging; inhibit = inhibition; LOAEL = lowest observed adverse effect level;
NOAEL = no observed adverse effect level; path = pathological
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which is the main site of plutoniumretention follow ng oral exposure
(see Section 2.3.2.4), as conpared to other neonatal nammal s.

Therefore, neonatal rats could be expected to be nore sensitive to the
radi ol ogi c effects of plutoniumthan other neonates or adult mamral s
(Fritsch et al. 1987). Gastrointestinal effects have al so been observed
in adult rats given 1.6x10" pG (5.7x10° Bg) pl utoni um 239 di oxi de/ kg
body weight. At 3 days post-exposure, there was an increase in
neutrophils on the surface epitheliumand superficial cellular |ayers of
the large intestine (Sullivan et al. 1960). At 6 days post-exposure
this increase was no | onger observed.

O her Systemic Effects. No studies were |ocated regarding ot her
effects in humans or animals after oral exposure to plutonium
No studies were located regarding the following health effects in
humans or aninals after oral exposure to plutonium

2.2.2.3 I'mmunol ogi cal Effects

2.2.2.4 Neurological Effects
2.2.2.5 Devel opnental Effects
2.2.2.6 Reproductive Effects
2.2.2.7 CGenotoxic Effects
2.2.2.8 Cancer

2.2.3 Dermal Exposure

2.2.3.1 Death

No studies were |ocated regardi ng death or the shorteni ng of
lifespan in humans or aninals after dermal exposure to plutonium
2.2.3.2 Systemic Effects

No studies were | ocated regarding respiratory, cardiovascul ar,
gastrointestinal, hematol ogical, muscul oskel etal, hepatic, renal, or
dermal /ocul ar effects in humans or aninmals after dermal exposure to
pl ut oni um

No studies were located regarding the following health effects in
humans or aninmals foll ow ng dermal exposure to plutonium
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O her Routes of Exposure

Health effects associated with plutonium adninistered by injection
are presented in Table 2-3 and Figure 2-3.

2.2.4.1 Deat h

No studies were |ocated regarding death or |ifespan shortening in
humans after exposure to plutonium by other routes.

A significant decrease in |ifespan was observed in rats, mce, and
hansters follomﬂng a single injection of plutonium239 at concentrations
rangi ng from 2x10°to 7.5x10" pC (7.4x10°to 2.8x10° Bqg) pl utoni um
239/ kg body weight given as the citrate (intravenous) or dioxide
(intraperitoneal) (Ballou et al. 1967; Brooks et al. 1983; Sanders
1973a; Svoboda et al. 1980a, 1980b). Survival tinmes decreased with
increasing doses in rats and hansters (Brooks et al. 1983; Sanders
1973a). Death resulted from bone marrow hypopl asia in hansters
approxi mtely 400 days follow ng an intravenous exposure [2x107 pCi
(7.4x10°Bq) plutonium 239 citrate/ kg body wei ght] (Brooks et al. 1982).
In rats injected intraperitoneally at concentrations up to 8.3x10° pG
(3.1x10° Bg) pl utoni um 239 di oxi de/ kg body weight, death resulted mainly
fromlarge malignant abdomi nal tunors acconpani ed by henorrhage-i nduced
anem a approxi mately 350 to 580 days post-exposure (Sanders 1973a).

An age-dependent effect on lethality was observed in rats injected
intravenously with 6x10°to 9x10’ pC (2.2x10° to 3.3x10° Bq) pl utoni um
239/ kg body weight as the nmononeric (citrate) or polymeric (nitrate)
forms (Mahl um and Si kov 1974). Neonates were nore susceptible to the
| ethal effects of the nonomeric form of plutonium?239, while adults and
weanl i ngs were nore susceptible to the polyneric form

Ani mal studies indicate that the polynmeric (nitrate) fornms of
pl ut oni um 239 and pl utoni um 238 are nore acutely toxic than the
correspondi ng nononeric (citrate) forns (see Section 2.3.2.4). In rats,
30-day LD,s for the monomeric [9.7x10" pG (3.6x10° Bg)/kg] and



TABLE 2-3.

Bealth Effects Associated with Plutonium Administration - Other Routes of Exposure

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCiskg) Reference Species
ACUTE EXPOSURE
Death
1 Rat (Iv) 1d 1.3x108 Ballou et al. 238py citrate
1967
2 Rat (IV) 1d 9.7x107 (30 day LD59) Mahlum and Sikov  23%Pu citrate
1974
3 Rat (IV) 1d 9.8x107 (30 day LD50) Mahlum and Sikov  238py nitrate
1969a
4 Rat (Iv) 1d 1.6x108 (30 day LD50) Mahlum and Sikov  238Pu citrate
1969a
5 Rat (IV) 1d 4.7x107 (30 day LD50) Mahlum and Sikov 239y nitrate
1974
6 Rat (Ivy 1d 7.9x107 (dec lifespan) Ballou et al. 239py citrate
1967
7 Mouse (Iv) 1ud 4.9x10% (dec lifespan) Svoboda et al, 23%py citrate
1980a
e Hamster (IV) 1d 2.0x10% (dec lifespan) Brooks et al. 239py citrate
1983
Systemic
9 Human (Iv) 1id Hemato 7.3x103 Langham et al. 238py or 239y
1980 citrate
10 Rat (IP) 1d Resp 8.3x106 Sanders 1975a 239pu0,
11 Rat (IV) 1d Musc/skel 1.8x107 (dec break Sikov and Mahlum 23%u citrate
strength) 1976
12 Rat (Iv) 1d Hemato 3.6x107 (dec WBC & Ballou et al. 238py; citrate

Hepatic

RBC count)
7.5x107 (liver damage)

1967
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TABLE 2-3 (continued)

] Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Specles
13 Rat (Ip) 1id Resp 2.0x10°% (pneumonitis) Sanders 1973a 23%pu0,
Hemato 8.2x10% (lymphopenia)
14 Mouse (Iv) 1d Hemato 3.6x105 (dec stem cells) Svoboda et al. 239y citrate
1987
15 Hamster (IV) 1d Hepatic 2.0x10% (hep degener) Benjamin et al. 239y citrate
1976
16 Dog (IV) 1d Musc/skel 3.0x105 1.0x105 (fractures) Taylor et al. 239py citrate
1962
17 Dog (SB) 1d Derm/oc 9.8x10% (scarring) Dagle et al. 23%9py nitrate
1984
18 Dog (Iv) 1d Hemato 9.0x105 2.9x10% (dec Dougherty and 239p,; citrate
lymphocytes) Rosenblatt 1971
19 Dog (IV) 1d Musc/skel 1.0x105 Bruenger et al. 239py citrate
1978
20 Dog (IV) 1d Hepatic 3.0x10% (func impair) Cochran et al,. 239py citrate
1962
21 Dog (Ivy)y 1id Hepatic 6.3x102 1.9x103 (nodules) Taylor et al. 239py citrate
1986
Immunological
22 Dog (SB) 1d 7.5x105 (scarred Dagle et al. 23%py oxide
lymph nodes) 1984
Developmental
23 Rabbit (IV) 9,15,27,9 1.0x107 (fetal lethal) Kelman et al. 239py citrate

15-28 Gd

1982a
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TABLE 2-3 (continued)

Exposure LOAEL (Effect)
Figure Frequency/ Less Serious Serious Chemical
Key Species Duration (pCi/kg) (pCi/kg) Reference Specien
Cancer
24 Rat (IT) 1d 8.2x10% (CEL-1lung) Sanders 1975b 2390,
25 Rat (Iv) 1d 3.0x105 (CEL-skeletal) Sikov ot al. 239py citrate
1978a
26 Rat (IP) 1d 2.0x105 (CEL- Sanders 1973 23%py0,
abdominal)
27 Rat (IP) 14 3.6x10% (CEL-mammary) Sanders 1974 238pyo,
28 Mouse (IP) 1d 3.2x10% (CEL-skeletal) Taylor et al. 239py citrate
1983
29 Mouse (IV) 1d 4,9x106 (CEL-leukemia) Svoboda et al. 239py citrate
1981
30 Hamster (IV) 1d 2.0x108 (CEL-skeletal, Brooks et al. 239y citrate
liver) 1983
31 Dog (Iv) 14 1.0x10% (CEL-skeletal) Mays et al. 1987 239y citrate
32 Dog (IvV) 1d 1.9x103 (CEL-1liver) Taylor et al, 239py citrate

INTERMEDIATE EXPOSURE
Cancer

33

Mouse

(IP)

8 wk
2 d/wk
16 d

5.0x104

(CEL-leukemia)

1986

Humphreys et al.
1987

239py nitrate

break = breaking; CEL = cancer effect level; d = day; dec = decreased; Derm/oc = dermal/ocular; func impair = functional;
hematological; hep degener = hepatic degeneration; (IP) = intraperitoneal;

(IT) = intratracheal;

Hemato =

(IV) = intravenous; LD50 = dose which

produces lethal effects in 50% of the animals; LOAEL = lowest observed adverse effect level; Musc/skel = musculoskeletal; NOAEL = no observed
adverse effect level; RBC = red blood cell; Resp = respiratory; (SB) = subcutaneous; WBC = white blood cell; wk = week
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polymeric [4.7x10" pC (1.7x10° Bg)/kg] forns of plutonium 239 were

| ower than 30-day LD ;s for the corresponding fornms of plutonium 238

[ monormeric, 1.6x10°pC (5.9x10° Bq)/kg; polymeric, 9.8x10" pC (3.6x10°
Bg)/ kg] (Mahlum and Si kov 19696; 1974).

Plutonium 239 is nore acutely toxic than an equival ent picocuric
anount of plutonium 238 (Ballou et al. 1967). Survival times in rats
given a single intravenous injection of 7.9x10" to 1.3x10°pC
(2.9x10°t 0 4.8x10° Bq) plutonium 239 citrate/ kg body wei ght were
decreased, while survival times of rats adninistered equival ent anounts,
on a radioactivity basis, of plutonium 238 citrate were not reduced
(Ballou et al. 1967).

2.2.4.2 Systemc Effects

No studi es were | ocated regarding cardi ovascul ar or
gastrointestinal effects in humans or animals after exposure to
pl ut oni um by ot her routes.

Respiratory Effects. No studies were |ocated regarding respiratory
effects in humans after exposure to plutonium by other routes.
Increases in the incidence of pneunonitis, inflammation, and edena
were observed in the lungs of rats follow ng admnistration of 2x10° pC
(7.4x10° Bg) pl utoni um 239 di oxi de/ kg body wei ght as a single
intraperitoneal injection (Sanders 1973a). However, the statistical
significance of these increases in respiratory effec,ts could not be
determ ned based on the reported data.

Hemat ol ogi cal Effects. No acute effects, as nmeasured by eval uation
of hemat ol ogi cal end points, occurred in a case study of 18 humans
following a single intravenous injection at levels ranging from 4x10° to
7.3x10° pG (1.5x10° to 2.7x10° Bq) pl utonium 238 or -239 citrate/kg
body wei ght (Langhamet al. 1980). (Wile reported in a nenori al
publication that republished Dr. Langham's work, this particul ar study
was conducted in the early 1950s.) Thirty years follow ng exposure to
plutonium 4 of the 18 individuals were still alive. One case could not
be located for follow up. The authors reported that plutonium could not
be considered a contributing factor to the cause of death in the 13
cases (Rowl and and Durbin 1976).

Aneni a was observed in |aboratory aninmals following a single
injection of plutonium 238 or -239. Rats given a single i ntraperitonea
injection of plutonium 239 dioxide [8x10° pCi (3.0x10° Bq)/kg] or a
single intravenous injection of plutonium?238 citrate [3.6x10" pC
(1.3x10° Bq)/kg] devel oped, anenmia (Ballou et al. 1967; Sanders 1973a;
Sanders and Jackson 1972). In rats exposed intravenously, a decrease in
vi abl e bone marrow with repl acenment of nmarrow by a calcified plug
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acconpani ed the anemia (Ballou et al. 1967). Anem a, characterized by
decreases in red blood cell volune, acconranied by increases in the
nunber of new red bl ood cells (retlculocvtes) was observed in dogs
exposed to a single intravenous injection of 2. 9x10° pCG (1.1x10° Bq)
pl utoni um 239 citrate/ kg (Dougherty and Rosenblatt 1971).

A decrease in the nunmber of white blood cells, which continued to
decrease with tine post- exposure, was observed inrats given a single
i ntravenous injection of 3.6x10° pC (1.3x10° Bq) pl ut oni um 238
citrate/kg (Ballou et al. 1967). Lynphopenla was observed in rats given
a single intraperitoneal injection of 8.2x10° pC (3.0x10° Bq)
pl ut oni um 239 di oxi de/ kg (Sanders 1973a; Sanders and Jackson 1972).
Decreased white blood cel | counts were also observed in dogs given a
single intravenous injection of 2.9x10° pC (3.7x10° Bg) pl utoni um 239
citrate/ kg (Dougherty and Rosenblatt 1971).

Svoboda and co-workers (1979, 1980a, 1980b, 1982a, 1983, 1985,
1987) have conduct ed extensive research on mice concerning the effects
of plutonium 239 on stemcells, the blood producing cells of the bone
marrow. These effects on bone marrow are considered to be "prel eukem c”
by these authors (Svoboda and Kot askova 1982). Adnlnlstratlon of
mononeric plutonium 239 citrate [3. 6x10° pCi (1.3x10° Bg)/kg] as a
single intravenous injection resulted in a decrease in the nunber of
hemat opoi etic stemcells of the bone marrow in nmice as soon as 4 weeks
after exposure (Svoboda et al. 1987). This initial damage in one
portion of the bone marrow appeared to be partially conpensated, as
exhibited by a slight increase in the nunber of stemcells (due to
increased proliferative activity) in another part of the tissue by
approxi mately 30 weeks post-exposure; however, the nunber of stemcells
was still less than the nunber observed in untreated controls (Svoboda
and Kot askova 1982; Svoboda et al. 1979). The aut hors hypot hesi ze t hat
persi stent radiological damage to the stemcells from plutonium 239 nmay
lead to an early stage of |eukem a (Svoboda and Kot askova 1982). A
simlar decrease in stemcells was reported in mce given a single
|ntravenous |nject|on of polynerlc pl utoni um 239 nitrate [5x106 to
1.5x10" pG (1.9x10° to 5.6x10° Bq)/kg] (Joshima et al. 1981).

Muscul oskel etal Effects. No studies were |ocated regarding
muscul oskel etal effects in humans after exposure to pl utoni um by, ot her
rout es.

I ncreased nunbers of spont aneous fractures occurred in dogs glven a
single intravenous injection of 1x10° to 3x10° pC (3.7x10° to 1.1x10°
Bg) plutonium 239 citrate/ kg body weight (Ta, et al. 1962). Total
i nci dence of fractures decreased with decrea: dose with onIy one
fracture observed in the two | owest treatment groups [l x10° and 3x10°
pC (3.7x10° and 1. 1x10* Bg) pl utoni um 239/ kg] conbi ned.
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The anatom cal range of the fractures increased with increasing dose.
Pl ut oni um exposure did not result in growh retardation in neonatal dogs as
nmeasured by the growth of |ong bones (Bruenger et al. 1978).

Age- dependent differences in the nuscul oskel etal effects induced by
pl ut oni um have been observed in adult, weanling, and neonatal rats given
singl e |ntravenous i nj ections of pIutonlunwat concentrations ranging
from 6x10° to 9x107 pG (2. 2x10° to 3.3x10° Bqg) pl utoni um 239/ kg body
wei ght, administered in the nononeric or the polyneric fornms (Mahl um and
Si kov 1969b; Si kov and Mahl um 1976). Weanlings were nore susceptible to
t he nmuscul oskel etal effects of plutonium (Mahlum and Si kov 1?69b),
possibly due to the rapid growh of the bone cells, and greater
radi osensitivity of these cells to plutonium An increase in the
i nci dence of spontaneous fractures was observed in weanlings, but not in
adults or neonates, given the nononeric form of plutonium 239 (Sikov and
Mahl um 1976). A decrease in the breaking strength of the fenmur was
observed in weanling and adult rats, but was nore pronounced in
weanl i ngs (Si kov and Mahlum 1976). In neonatal rats, the only
muscul oskel etal effects, which were mld and sporadlc ver e observed |n
t he hi gher treatnment groups administered greater than 6x10° pG (2.2x10°
Bg)/ kg (Si kov and Mahl um 1976; Mahl um and Si kov 1969b).

Hepatic Effects. No studies were |located regarding hepatic effects
in humans after exposure to plutonium by other routes.

Hepati c danage was observed in rodents after a single intravenous
injection of high | evels of plutonium Severe hepatic degeneration
occurred in hansters observed for life foll owing adm nistered | evels as
| ow as 2x10° pG (7.4x10* Bq) pl ut oni um 239 citrate/ kg body melght
(Benjan1n et al. 1976). A single intravenous injection of 7. 5x10" pGi
(2.8x10° Bg) plutonium239 citrate/kg resulted in damage to the |iver
parenchynma of rats as early as 15 days post-exposure (Ballou et al.
1967) .

In studies in which dogs were given a single intravenous injection
of plutonium 239 citrate, hepatic effects were observed to be doserel at ed.
No hepatic effects were reported in dogs given 630 pC (23 Bq)
pl ut oni un kg body weight (Taylor et al. 1986), while gross and
m croscopic |liver nodul es and/or hyperpla3|a wer e observed by year 8
following injection of 1.9x10° to 3x10° pC (7.0x10" to 1.1x10°Bq)
plutonlun}239/kg (CDchran et al. 1962; Taylor et al. 1986). At higher
| evel s [1x10°and 3x10° pC (3. 7x10° and 1.1x10° Bg) pl utoni um 239/ kg],
functional inmpairment of the liver was observed 4 years post-exposure
(Cochran et al. 1962). Sone of the animals at the highest treatnent
|l evel [3x10° pCi (1.1x10° Bq)/kg] had functional inpairnent, as well as
shrunken livers and ascites, which the authors described as indicative
of deconpensated cirrhosis .(Cbchran et al. 1962).
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Renal Effects. No studies were |located regarding renal effects in
humans after exposure to plutonium by other routes.

MIld to severe chronic nephritis was observed in Sprague Dawl ey
rats following a single intraperitoneal injection of 2x10°pC (7.4x10°
Bg) plutonium 239 di oxi de (Sanders 1973a). However, the statistical
significance of these renal effects could not be det ermi ned based on the
reported data. In addition, renal nephritis may be a commbn occurrence
in the strain of rats used in this study.

Dermal / Ocul ar Effects. No studies were | ocated regarding
dermal / ocul ar effects in humans after exposure to plutonium by other
routes.

Loss of hair, thickening of the dernms, and focal scarring were
observed around subcut aneous i npl ant s of pIutonlun}239 i n dogs
admi ni stered pIuton|un1d|OX|de [7. 5x10 pC (2.8x10* Bg)/kg] or
plutoniumnitrate [9.8x10°pCG (3.6x10° Bg)/kg] (Dagle et al. 1984).
These effects may have resulted from exposure to plutonium however, the
statistical significance of these dermal effects could not be detern ned
based on the reported data.

O her Systenmic Effects. Qther system c effects have been observed
inrats followng a single injection of plutonium Mesothelial
hyperpla3|a was observed in rats injected intraperitoneally with 8x10°
pC (3.0x10° Bg) pl utoni um 239 d|0X|de/kg (Sanders and Jackson 1972).

A srngle i ntravenous injection of 6x10° to 9x10' pG (2.2x10°

3.3x10° Bq) pl utonium 239 citrate/kg, administered as either the
monomneric or polymeric form resulted in a sex-related decrease in

wei ght gain in weanling rats; the decrease |n wei ght gain in nales
occurred at a | ower |evel [6x10 pC (2.2x10° Bg)/kg] than in femal es
(1.8x10" pC (6.7x10° Bq)/kg] (Mahl um and Si kov 1974). As seen with
muscul oskel etal effects (see previous section), weanlings were nore
susceptible to a decrease in weight gain follomﬂng exposure to plutonium
than adults or neonates. A decrease in weight gain was observed in

adul t rats following a single intravenous injection of 1.8x10" pCi

(6. 7x10° Bq) plutonium 239/ kg or greater, adnministered in the nononeric
form but was not observed follow ng admini stration of the pol ymeri c
form Decreased weight gain in neonatal rats was observed only
follow ng | ethal doses of plutonium 239 (Mahlum and Si kov 1974).

2.2.4.3 Immunol ogi cal Effects

No studies were | ocated regarding i munol ogi c effects in humans
after exposure to plutonium by other routes.
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Ef fects on sone tissues of the i mune system have been observed in
dogs followi ng a single subcutaneous injection of 7.4x10° pG (2.7x10°
Bg) pl utonium 239 di oxide/ kg (Dagle et al. 1984). The regional |ynph
nodes, which drained the injection sites of plutonium were reduced in
size in six of eight dogs exposed and in five of the dogs the |ynph
nodes consi sted of only scar tissue (Dagle et al. 1984).

2.2.4. 4 Neur ol ogi cal Effects

No studi es were |ocated regardi ng neurol ogical effects in humans or
animal s after exposure to plutonium by other routes.

2.2.4.5 Devel opnental Effects

No studi es were |ocated regarding devel opnmental effects in humans
after exposure to plutonium by other routes.

Rabblts wer e glven a single intravenous injection of 1x10" or 4x10’
pCi (3.7x10° or 1.5x10°Bq) plutonium 239/kg, adm nistered in the
mononeric form on various days of gestation (Kelnan et al. 1982a)

Fetal weights of the offspring of does given 4x10" pG (1.5x10° Bq)

pl ut oni um 239/ kg were significantly decreased conpar ed to the fetal

wei ghts of the offspring of does given 1x10’" pG (3.7x10° Bqg) pl utoni um
239/ kg or the offspring of untreated controls In contrast, fetal

wei ghts of does given 1x10" pC (3.7x10° Bq) plutonlun}239/kg wer e
significantly increased above controls. The nunber of litters
conta|n|ng dead fetuses was significantly increased in the group of dans
gi ven 1x10’ pCG (3. 7x10° Bq) plutonlun}239/kg on gestatlon days 15 to
28. Rabbits given either 1x10" or 4x10"pC (3.7x10° or 1.5x10° Bqg)/kg

on gestation days 9 to 28 had significantly fewer fetuses. No
teratogenic effects of plutonium 239 were observed (Kel man et al

1982a) .

2.2.4.6 Reproducti ve Effects

No studies were |ocated regarding reproductive effects in humans
after exposure to plutonium by other routes.

In mice, doninant lethality has been shown to result from pl utonium
exposure. Fetal intrauterine deaths occurred in female mce nmated with
mal e mce treated 4 weeks prior to mating. Male mce were glven
(|ntravenously) pIutonlun}239 at levels ranging from1.6x10° to 1.6x10’
pCi (5.9x10° to 5.9x10° Bg) pl utoni um 239/ kg body wei ght (Luning et al.
1976a, 1976b). The effects of the dom nant |ethal nutations were al so
observed when untreated fenmal es were mated with male nmice fromthe Fl
generation. Exposure of male nice to higher doses of plutonium 239
resulted in sterility 12 weeks post-exposure (LiUning et al. 1976a,
1976b). Exposure of fermale mice to plutoniumalso resulted in dom nant
|l ethal nmutations (Searle et al. 1982). Female mce intravenously
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injected with 2x10" pC (7.4x10° Bg) plutonium 239 citrate/ kg body

wei ght exhi bited a marked oocyte killing which resulted in a reduction
in the nunber of mce which becanme pregnant, conpared with the controls.
Both pre- and post-inplantation dom nant |ethals were induced at |ong
periods (12 weeks) after intravenous exposure to plutonium

2.2.4.7 Genotoxic Effects

Open wounds represent a significant route through which plutonium
wor kers m ght be exposed to plutonium al pha-particles. Chronosoma
aberrations were observed in | ynphocytes anpng 8 pl utoni umworkers in
t he United Kingdom occupationally exposed to plutoniumw th the primary
routes of exposure through mounds punctures, or abra3|ons [ estinat ed
body burdens from 2.1x10" to 4x10" pG (7.8x10° to 1.5x10° Bg) pl utonium
based on urine anal yses]. In exposed individuals the nunber of
dicentric aberrations averaged 5 per 500 cells, while the natural
popul ati on background frequency of this aberration is 1 per 4,000 cells
(Schofield 1980; Schofield et al. 1974).

I ncreased chronosomal aberrations were observed in liver tissue of
Chi nese hansters intravenously given plutonium 239 or plutonlun}238 as
t he C|trate or the di oxi de, to achieve levels ranging from 7x10° to
2x10* pG (2.6x10'to 7. 4x10° Bq) plutonlun}239 or pIutonlun}238/g of
liver tissue (Brooks et al. 1976a) or 2x10° pC (7.4x10" Bqg) pl utonium
239 citrate/ kg of body weight (Benjamn et al. 1976). The frequency of
aberrations was nuch higher in hansters exposed by intravenous injection
to plutonium 239 or plutonium?238 citrate, than in hanmsters exposed to
pl ut oni um 239 or pl utonium 238 di oxi de (Brooks et al. 1976b). No
statistically significant increases in the incidence of chronosomnai
aberrati ons per spermatogonia cell were observed in nice or hansters
follomnng i ntravenous administration of plutonium239 citrate [2x10° pC
(7.4x10" Bq) pl utonium 239/ kg body weight], conpared to untreated
controls (Brooks et al. 1979).

O her genetic effects attributed to plutoniumare doni nant
lethality and chronpsone transl ocations in spermatocytes. Fetal
intrauterine death occurred in female mce mated with male nice treated
4 weeks prior to nating. Male mce were glven (|ntravenously)
plutonlun}239 at levels ranging from1.6x10° to 1.6x10" pG (5.9x104 to
5.9x10° Bqg) pl utoni um 239/ kg body wei ght (Luning et al. 1976a, 1976b).
The effects of the doninant |ethal nutations were al so observed when
untreated females were nated with male mce fromthe Fl generation
Exposure of male mice to higher doses of plutonium 239 resulted in
sterility 12 weeks post-exposure (Luning et al. 1976a, 1976b).

I ncreased frequency of reciprocal translocations in spermatogonia
was observed in nale mce 6 to 18 weeks after intravenous injection of
1x10" pC (3. 7x10° Bqg) pl utoni um 239 citrate/ kg body wei ght (Beechey et
al. 1975). An increase in the frequency of heritabl e translocations was
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al so observed in male mice intravenously injected with 1x10" pCi
(3.7x10° Bg) plutonium 239 citrate/ kg body wei ght (Generoso et al.
1985). The frequency of translocations increased as a function of tinme
and dose. However, induction of reciprocal translocations was not
significant in mal e mce intravenously injected with 4x10° pG (1.5x10°
Bg) plutonium 239/ kg body weight (Searle et al. 1976).

Exposure of mice to 3.6x10° pC (1.3x10" Bg) pl utoni um 239
citrate/ kg body weight resulted in increased chronosomal aberrations in
bone marrow cells (Svoboda et al. 1987). The hi ghest incidence of these
mut ati ons was observed in the early days followi ng exposure to
p! ut oni um

2.2.4.8 Cancer

No studies were |ocated regarding cancer effects in humans after
exposure to plutonium by other routes.

Foll owi ng a single intravenous |nJect|on of pIutonlun}239 citrate,
osteosarcomas were found in mce [3. 2x10 pC (1.2x10* Bg)/kg] (Tayl or
et al. 1983), rats [ 3x10° pO (1:1x10* Bq)/kg] (Sikov et al. 1978a),
hanBters [2x10 pO (7.4x10" Bq)/ kg] (Brooks et al. 1983), and dogs
[1x10"pCi (3.7x10°Bq)/kg] (Mays et al. 1987). Latency periods for the
i nduction of these bone tunmors were not reported. However, |ifespan was
significantly shortened only in hansters. Lifespan studies in beagle
dogs provi ded evidence that certain skeletal sites were nore prone to
devel op pl utoni uminduced osteosarconmas than others (Mller et al
1986). In these dogs, nobst osteosarcomas originated in trabecul ar
(spongy) bone areas, such as the ends of |ong bones, the pelvis,
vertebrae, and the area surrounding the marrow of the bone (endost eal
surfaces) (Mller et al. 1986). Because these areas nay have a greater
bl ood flow, a greater anopunt of plutonium may deposit in these areas of
t he bone (see Section 2.3.2.4).

I nduction of osteosarcomas following a single injection of
pl ut oni um 239 appeared to be age-dependent as well as sex-dependent. A
statistically significant increase in the incidence of bone tunmors was
observed in adult and weanling rats given a single intravenous injection
of 3x10° pG (1.1x10* Bq) pIutonlun}239 C|trate/kg (Slkov et al. 1978a).
At higher levels [3x10° to 3x10" pCi (1.1x10° to 1.1x10° Bq) pl ut oni um
239/ kg via intracardiac injection], a nonsignificant increase in the
i nci dence of bone tumors was observed in neonatal rats. The anatonmica
distribution of these bone tunors was markedly influenced by age at tine
of injection. In neonates one-third of all tunors were in the head
whil e ol der groups had bone tunors primarily in the extremties or
vertebrae (Sikov et al. 1978a). A statistically significant increase in
t he incidence of bone t'unors was observed in female mice, but not in
mal e mice given a single |ntraper|toneal i njection of pIutonlun}239
citrate (9x105 pC (3.3x10" Bq)/kg] (Taylor et al. 1981a). Fenal es may
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be nore sensitive to the toxic bone effects followi ng a single exposure
to plutonium 239 because the induction of osteosarcomas could be
estrogen related (Taylor et al. 1981a).

Li ver tunors have been observed in dogs following a single

i ntravenous injection of plutonium239. A statistically significant
increase in the incidence of hepatic tunDrs nDstIY bil e duct tunors,
has been observed in dogs given 1.9x10°pC (7 0x10" Bq) plutonlun}239
citrate/ kg body weight (Taylor et al. 1986). These tunors were observed
primarily in the | ower dose groups followi ng |long | atency periods. Mst
of the liver tunors observed were in dogs sacrificed due to bone cancer;
however, liver tunors were primary liver tunors and not netastases.

Li ver and bone tunors were observed in hansters admi nistered a
single intravenous injection of 2x10° pG (7.4x10* Bg) pl utoni um 239/ kg
body wei ght, administered as plutoniumcitrate (mononeric) (Brooks et
al . 1983) However, in hansters given a single intravenous injection of
2x10° pGi (7. 4x10° Bq) pl ut oni um 239 di oxi de/ kg (pol yneric), a
significant increase in the incidence of liver tunors was observed with
no acconpanyi ng bone tunors (Brooks et al. 1983).

No concl usi ve evidence exists that plutoniuminduces |eukenia in
| aboratory animals. However, in mce with a high spontaneous incidence
of leukema (ICR mce), adn1n|strat|on of pIutonlun1as a single
i ntravenous injection [4 4x10° pCi (1.8x10°Bq) pl utoni um 239
citrate/ kg] decreased the |atency period for the appearance of |eukem a
(Svoboda et al. 1981).

Vari ous types of tunors have been observed in rats followi ng a
single intraperitoneal injection of plutoniumdioxide. A dose-dependent
increase in the incidence of nesothelioms and soft-tissue sarcomas was
observed in rats given 2x10° to 8x10° pG (7.4x10° to 3.0x10° Bq)
pl ut oni um 239 di oxi de/ kg (Sanders 1973). Death in many of the treated
rats resulted fromlarge malignant abdomi nal tunors. |t appears that
pl ut oni um 239 particles, adm nistered as plutoni um di oxi de, can produce
nmesot heli omas in the abdomi nal cavity, but a greater radiation dose is
needed to i nduce nmesotheliomas than is needed to i nduce sarconas
(Sanders 1973). An increase |n t he |nC|dence of mamrary tunors was
observed in rats given 3.6x10° pG (1.3x10° Bg) pl utoni um 238 di oxi de/ kg
(Sanders 1974).

2.3 TOXI CKI NETI CS

In radiation biology the termdose has a specific neani ng. Dose
refers to the anmount of radiation absorbed by the organ or tissue of
interest and is expressed in rads (grays). For exanple, estimation of
this radiation dose to lung tissue or specific cells in the lung froma
gi ven exposure to plutoniumis acconplished by nodeling the sequence of
events involved in the inhalation, deposition, clearance, and decay of
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plutoniumwi thin the lung. While based on the current understandi ng of

| ung norphonetry and experinmental data on pl utoniumtoxicokinetics,

di fferent nodel s nmake different assunptions about these processes,
thereby resulting in different estinmates of dose and risk. O her nodels
estimate dose fromingestion of plutonium These nodels are described
in nunmerous reports including Bair (1985), EPA (1988), ICRP (19783,
Janes (1988), and NEA/ OECD (1983). In this section the toxicokinetics
of plutoniumis described based on the avail abl e experi nental data

rat her than on descriptions derived from nodel s.

2.3.1 Absorption
2.3.1.1 Inhal ati on Exposure

The nost common route of exposure to plutoniumis inhalation. The
absorption of plutoniumfollow ng inhalation was dependent on its
physi cochemni cal properties including isotope nunber, the mass deposited,
val ence, chemnical compound, and particle size (Bair et al. 1962b;
Quilnette et al. 1984). Dependi ng on the plutoniumconpound, it may be
either soluble or insoluble. Plutoniumas the citrate or nitrate was
nore sol ubl e than the dioxi de conmpound. Pl utonium di oxi des prepared at
tenperatures of 700°C or higher had a slower absorption rate conpared to
air-oxidized forns (Sanders and Mahaffey 1979). The absorption of
pl ut oni um was al so dependent upon its respirable fraction, or that
fraction of the total concentration of plutoniumwhich my deposit in
the nonciliated part of the lung. The respirable fraction of plutonium
is conposed of particles |ess than 10 pm Activity Medi an Aerodynam c-
Di aneter (AVMAD), which indicates that only particles | ess than 10 pm
AMAD woul d be retained in the nonciliated part of the Iung and woul d be
avail abl e for absorption (NEA/ CECD 1981; Vol chok et al. 1974).

The nore soluble the formof plutonium the nore rapidly and
extensively it was absorbed by the lungs (Ballou et al. 1972; Dagle et
al . 1985). The insoluble forns of plutoniumwere absorbed fromthe
lungs very slowy (Bair et al. 1962b; Bair and Wllard 1962; CGuilnette
et al. 1984; Park et al. 1985) with the majority being deposited in the
tracheobronchi al region and then renoved by the rnucociliary apparatus.

I nsoluble particles nmay be engul fed by macrophages and al veol ar cells
(Metivier et al. 1980a; Sanders and Adee 1970) and taken up into the
reticul oendot helial system (Leggett 1985).

Pl ut oni um 238 admi ni stered as the soluble nitrate or as the |ess
sol ubl e di oxide formto dogs was absorbed fromthe lungs nore rapidly
than the corresponding forms of plutonium 239, possibly due to the | ower
mass of plutonium 238 (Da,gle et al. 1983; Park et al. 1972) or nore
l'ikely, due to the higher specific activity of plutonium238. However,
when plutonium 239 nitrate was adm nistered to rats, it was absorbed
nore readily than the plutonium 238 nitrate (Mxrin et al. 1972).
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2.3.1.2 Oal Exposure

Absorption of plutoniumfromthe gastrointestinal tract was mnina
and was dependent on age, chenical properties, stonach content. dietar?
iron intake, and nutritional factors (Bonford and Harri son 1986;
Harrison et al. 1986; Stather et al. 1980; Sullivan and Ruenml er 1988;
Sullivan et al. 1983; Weks et al. 1956). Oxidation state,
adm ni stration nedia, extent of polyner formation, rate of hydrol ysis,
and mass administered did not appear to effect the absorption of
plutonium (Carritt et al. 1947; Harrison and David 1987; Larsen et al.
198i; Stather et al. 1980, 1981).

Absorption of plutoniumwas slightly increased when adm nistered in
a citrate or nitrate solution and when adninistered as a very acidic
solution (Weks et al. 1956). Absorption of 0.003 to 0.01% of the
adm ni stered plutoniumcitrate or nitrate has been reported in rats and
hansters (Carritt et al. 1947; David and Harrison 1984; Katz et al
1955; Stather et al. 1981).

The absorption of plutoniumafter oral adm nistration was age-rel ated
in laboratory animals. From 3 to 6% of admi nistered plutonium
may be absorbed by neonatal rats, hansters, guinea pigs, and dogs
(Cristy and Leggett 1986). A rapid decrease in absorption has been seen
with increasing age. In hansters between 1 day and 30 days of age,
absorption of plutoniumdecreased from3.5 to 0.003% of the adm nistered
dose (David and Harrison 1984).

Gastroi ntestinal absorption increased when plutoni um was
adm ni stered on an enpty stomach. In hansters that had been fasted for
8 to 24 hours, absorption increased to 0.1 to 0.15% of the adninistered
plutoniumcitrate or ascorbate conpared to 0.01%in aninmals which had
not been fasted (Harrison et al. 1986).

Absorption of plutoniumfromthe gastrointestinal tract was
dependent on iron status. A four-fold increase in plutonium absorption
occurred in rats that were iron deficient conpared to those with nornal
iron status (Ragan 1977; Sullivan et al. 1986). Absorption of plutonium
i n nursing neonates of iron deficient danms was twi ce as nuch as neonates
of iron-replete dans (Sullivan et al. 1986).

2.3.1.3 Der mal Exposure

The absorption of plutoniumfollow ng dermal exposure was very
limted. The anmount absorbed depended on the thickness of the skin, the
area of the skin exposed, the mass applied, the integrity of the skin,
and the solution in which the plutoniumis dissolved. Plutonium
absorption through the intact palmar skin of a human was found to be
| ess than 0.0002% hr when administered as the nitrate in a 0.4Nnnitric
acid solution (Langham 1959). Pl utonium has been found to mgrate down
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hair follicles (Weks and Gakl ey 1955) and into sweat and sebaceous
gl ands (Bul dakov et al. 1970).

2.3.1. 4 O her Routes of Exposure

The absorption of plutonium after exposure was dependent on the
route of admnistration. Intravenous injection delivered pl utonium
directly into the blood streamwhere it may then distribute in the body.
Injection of plutoniuminto the peritoneal cavity (Sanders 1975a;
Sanders and Jackson 1972) or into the nuscle (Nenot et al. 1972)
resulted in phagocytosis of particles which then enter the blood stream
t hrough the |ynphatics. Intranmuscul ar injection of plutonium 238
citrate to nonkeys resulted in absorption of 95% of the adm nistered
dose fromthe site of injection in 10 days (Durbin et al. 1985).
Absorption of plutoniumafter intraperitoneal injection was
dependent on iron status. A two-fold increase in plutonium absorption
occurred in rats which were iron-deficient conpared .to those with norma
iron status (Ragan 1977).

Absor ption of plutoniumthrough wounds has occurred i n hunmans
occupational |y exposed (Hamond and Putzier 1964). Experiments in
ani mal s where plutonium 239 as the nitrate or di oxide was injected under
t he skin have been conducted to sinmulate this exposure. Fromthese
studies it has been found that about 80% of the adm nistered plutonium
nitrate or dioxi de was absorbed (Dagle et al. 1984).

2.3.2 Distribution

2.3.2.1 Inhal ati on Exposure

The distribution of plutoniumfollow ng absorption fromthe |ungs
was dependent on the physicochemnical form deposited. In general
pl utoniumwas distributed to the skeleton, liver, and |ynph nodes;
however, some plutonium has been found in all tissues. Information from
humans who have been occupationally exposed to plutoniumindicated that
t he hi ghest concentrations of the absorbed plutoniumwere found in the
tracheal - bronchi al | ynph nodes, followed by the liver, skeleton, and
ki dneys (Lagerquist et al. 1973). However, a nore recent study by
Mcinroy et al. (1989) reports that plutoniumdeposition in a snal
nunber of former nuclear industry workers was greatest, exclusive of the
respiratory tract, in the skeleton followed by the liver, striated
muscl e, and ot her organs and tissues. These authors suggested that
muscl e and other soft tissues may act as a |ong-term storage depot for
pl utonium Results fromstudies in |aboratory animals indicated that
absorption of the nore soluble fornms of plutoniumled to greater
distribution in the skeleton and liver (Dagle et al. 1985; Mirin et al.
1972), while the | ess soluble dioxide formwas distributed to a greater
extent to the trachea-bronchial |ynph nodes and the liver (Bair et al.
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1966; Park et al. 1972). Distribution to the bone was greater with

pl utoni um 238 nitrate than with plutonium 239 (Mxrin et al. 1972) and
with the air-oxidized formof both plutonium 238 and pl utoni um 239
conpared to the high-fired form (Sanders and Mahaffey 1979).

Particle size did not appear to affect distribution to the liver
and skeleton in dogs (Guilnette et al. 1984). An age-related effect on
distribution to the bone was reported by GQuilnette et al. (1986). In
i mat ure dogs, a five-fold increase in distribution to the bone was seen
conpared to that in young adult dogs. Most infornmation available on the
di stribution of plutoniumfollow ng inhalation exposure is from studies
where plutonium 239 di oxi de was adm nistered in a single dose to dogs.
Additional information is also avail able on other chem cal conpounds,
and i sotopes in rodent species (Bul dakov et al. 1972; Nenot et al. 1972;
Sanders 1973b; Sanders et al. 1977).

The distribution of plutoniumw thin the lungs after inhalation
exposure was al so dependent on several variables. In rats a nore
uni f orm exposure of lung cells occurred from adm nistration of the
air-oxidized formconpared to the high-fired form (Sanders and Mahaf f ey
1979). Initially after exposure to the dioxide form
distribution in the lungs of hansters was randomw th particles
becom ng nore clunped with tinme (Diel et al. 1981).

The distribution of plutoniumin the |iver differed between the
nitrate and di oxide forns. Admi nistration of the nitrate formto dogs
resulted in diffusely distributed activity found as single tracks, while
adm nistration of the dioxide formresulted in |localized activity found
as "al pha stars" w th radi oaut ography (Dagle et al. 1985).

2.3.2.2 Oral Exposure

In rats and dogs follow ng absorption of plutoniumfromthe
gastrointestinal tract, up to 95% of the absorbed dose has been found to
be distributed to the skeleton (Carritt et al. 1947; Larsen et al. 1981;
Toohey et al. 1984). Plutoniumwas also distributed to a |l ess extent to
the liver, carcass, and soft tissues (Carritt et al. 1947; Katz et al.
1955; Larsen et al. 1981; Sullivan et al. 1984). The distribution of
pl ut oni um 237 in a bicarbonate solution admnistered via a gelatin
capsul e was greatest to the axial skeleton (Toohey et al. 1984).

2.3.2.3 Dernal Exposure

At early tines after dermal exposure of rabbits to plutoni um 239
nitrate, activity in blood was uniformy distributed, but I|ater changed
to a nonuniformdistribution (Khodyreva 1966). Distribution of

pl utoni um was greatest to the skeleton followed by nuscle tissue, |iver
ki dney, spleen, heart, and lungs (Khodyreva 1966). In an earlier study
inrats, the absorption of plutoniumthrough intact skin did not appear
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to result in distribution to the liver as conpared to absorption through
ski n danaged by punctures or wounds where deposition in the |iver was
seen (Cakl ey and Thonpson 1956).

2.3.2.4 O her Routes of Exposure

The distribution of plutoniumwas studied in termnally il
patients who had been given an intravenous injection of plutonium
(Langham et al. 1980). Bl ood concentrations decreased rapidly (0.3%
remai ned in the blood after 30 days). At death, which occurred from 16
to 450 days after injection, an average of 56% of the adninistered
pl utoniumwas in the bone marrow and on bone surfaces, while 23% was in
the liver (Langhamet al. 1980).

Al t hough exposure by injection routes in hunans is not likely, data
fromdistribution studies in |aboratory animals provides insight into
t he toxicokinetics of plutoniumin the body. In dogs, once plutonium
entered the blood stream it was bound to transferrin, a serumtransport
protein (Stevens et al. 1968). Plutonium conpeted with iron for the
transferrin in the blood. If transferrin was saturated with iron, then
nore pl utoni um woul d deposit in the Iiver and not in the bone (Ragan
1977). Simlar binding of plutoniumto transferrin was observed in
human bl ood serum (Stover et al. 1968a).

In |aboratory aninmals that received plutonium by intravenous
i njection, nost plutoniumwas deposited in the liver and skeleton. No
differences in distribution between plutonium238 and pl utoni um 239 were
reported in mce (Andreozzi et al. 1983); however, Ballou et al. (1967)
reported that in rats deposition in the |iver and other soft tissues was
twice as great after intravenous adm nistration of plutonium 239 than
after adm nistration of plutonium238. In dogs, the concentration of
pl ut oni um pol ynmer decreased in the lungs, spleen, and liver with tine
and i ncreased in the skel eton and ki dney (Stevens et al. 1976).

The distribution of plutoniumafter intravenous injection was age-
dependent. The distribution of different chem cal fornms of adm nistered
plutoniumdid not differ in neonates, and activity was nore uniformy
distributed than in weanlings and adults (Mahlum and Si kov 1974; Sikov
and Mahl um 1976). In i mmature dogs, increased deposition of plutonium
was associ ated with bones that were undergoing active growh (Bruenger
et al. 1978). The concentration of plutoniumin the skull of neonates
was twice as great as that in young adults, but distribution to the
liver was not as great in neonates as in other age groups (Bruenger et
al. 1978). Age at tinme of injection influenced distribution between the
skeleton and the liver (Bruenger et al. 1980; Lloyd et al. 1978a,
1978b). In rats plutoniumdistribution within bone was different in
weanl i ngs conpared to adults. In weanlings, there was a tendency for
| ocal i zation on periosteal surfaces and plutoniumwas seen in comnpact
bone at earlier tines (Sikov and Mahl um 1976) .
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In dogs and mce adm nistered plutonium239 as the citrate or as
the polynmer by intravenous injection, 15 to 31% or 55 to 70%
respectively, of the injected dose was distributed to the liver after 6
days (Baxter et al. 1973; Stover et al. 1959). In rats at 30 days post-
exposure to plutoniumas the citrate or as the polymer, 9.6 or 40%
respectively, was distributed to the liver (Carritt et al. 1947). The
distribution of activity in the liver was uniformfollow ng
adm ni stration of the citrate and nonuni form after adm nistration of the
pol yner (Baxter et al. 1973; Brooks et al. 1983; Cochran et al. 1962).

The percent of plutonium 239, adm nistered by intravenous injection
as the citrate or as the polyner, that distributed to the skel eton of
dogs and mice was 2.8 to 3.1%or 0.1 to 0.2% respectively, after 6 days
(Baxter et al. 1973). In rats 30 days after exposure to plutonium 239
as the citrate or as the polyner, 56.9 or 29.4% respectively,
distributed to the bone (Carritt et al. 1947). In dogs pl utonium
distribution in the skel eton was greatest to the trabecul ar or "spongy"
bone and nore was found in the red bone marrow, which is perfused with
bl ood, conpared with yellow or fatty bone marrow (Smth et al. 1984,
Wonski et al. 1980). The rate of deposition in bone may be related to
the rate of blood flow to bone, and in nice there appears to be a
threshold rate for blood fl ow bel ow which plutoniumw Il not deposit to
bone (Hunphreys et al. 1982).

A small fraction of the plutoniumtaken in has been found to
distribute to the gonads of mce follow ng intravenous exposure. In
m ce exposed to plutonium 239 citrate, about 0.02 to 0.06% of the
admi ni stered dose was distributed to the testes (Andreozzi et al. 1983;
Ash and Parker 1978; Green et al. 1976). In the testes, plutoniumwas
associated with the interstitial tissue (Ash and Parker 1978; Brooks et
al. 1979; Geen et al. 1976). Plutonium has al so been neasured in the
ovarian tissue of mce exposed to plutonium?239 citrate (G een et al
1977).

Pl ut oni um 239 citrate has been shown to cross the placental
menbrane and has been found in the fetus in both m ce and baboons
followi ng intravenous injection (Geen et al. 1979; Sikov et al. 1978b
Wei ss and Wal burg 1978). The fractional placental transfer of plutonium
citrate was found to be inversely proportional to the adm nistered dose
(Weiss and Wl burg 1978). The greatest anounts of plutoniumwere found
in the fetal menbranes foll owed by the placenta and then the fetus
(Si kov et al. 1978b). Plutoniumwas distributed to the gastrointestinal
tract, liver, and mneralized areas of the bone in the fetus (G een et
al . 1979).

After the absorption of plutoniumfroma wound site, it nmay be
absorbed in the blood stream and distributed to the regional |ynph
nodes, liver, spleen, skeleton, and other tissues. In dogs exposure to
pl ut oni um di oxi de t hrough a wound resulted in greater distribution to
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the |ymph nodes and |l ess to the skeleton as conmpared with exposure to
plutoniumnitrate (Dagle et al. 1984). Distribution to the spleen of
dogs exposed to the dioxide formwas greater than to the skeleton, while
distribution to the spleen of dogs exposed to the nitrate formwas | ess
than to the skel eton. Conparable amunts of both forns were distributed
to the liver and the skeleton (Dagle et al. 1984).

2.3.3 Met abol i sm

Pl ut oni um occurs naturally in several valence states. but in the
body the nost common state is (IV) due to stabilization by |igands and
conpl exi ng agents (I CRP 1972). Plutonium does not esist as a sinple ion
at physiological pH and, therefore, tends to hydrolyze and form
pol ymers. The tendency for plutoniumto hydrolyze should increase with
i ncreasi ng atom ¢ nunber because the hydrol ytic behavior is determ ned
by ionic charge and size (ICRP 1972). Wen plutoniumis conplexed with
citrate, it is less likely to formpolynmers and remains nore soluble in
t he body.

2.3. 4 Excretion
2.3.4.1 I nhal ati on Exposure

El i m nation of plutoniumfollow ng exposure by inhalation appears
to be dependent upon the form of plutoniumand nay vary anbng speci es.
After inhaiation exposure to plutonium the clearance pattern fromthe
| ungs appeared to be biphasic. In rats, the half-tinme for clearance of
pl ut oni um 238 or -239 dioxide fromthe lungs for the first phase was
from20 to 30 days and for the second phase was from 180 to 250 days
(Sanders et al. 1976, 1977, 1986). In the first phase, 70 to 76% of the
pl ut oni um was renoved with the renai nder of that excreted renpoved in the
second phase. Retention of plutoniumin the body after it translocates
to other tissues may be very long. In dogs exposed to plutoni um 239
di oxi de, 85% of the adm nistered anmount was retained in the body 9 to 10
years after exposure (Park et al. 1972). Retention of plutonium dioxide
in the lungs of dogs was not constant over tinme, which may be related to
an increased rate of solubilization of the particles with tine,
resulting in greater translocation to other organs (Hahn et al. 1981).
The retention half-tinme increased with increasing particle size (Bair et
al . 1962b; Guilnette et al. 1984). The retention half-tine for the
pl ut oni um 239 i sotope was greater than for the plutonium 238 isotope
(Park et al. 1972). Wth repeated exposure to plutonium 239 dioxide, it
appeared that each adm ni stered anmount was retained i ndependently with
its own retention characteristics (D el and Lundgren 1982).

The excretion of plutoniumby humans approximately 30 years after
occupati onal exposure to plutoniumparticles, primarily by inhalation
appeared to indicate that nore plutoniumwas cleared in the urine than
in the feces (Voelz et al. 1979). However, Leggett (1985) stated that,
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at equilibrium 4 times nore plutoniumwas elinmnated in the feces than
inthe urine. In laboratory aninmals, the primary route of excretion of
pl utoni um was reportedly through the feces. From 10 to 35 tinmes nore

pl ut oni um was excreted in the feces than in the urine in dogs and rats
(Bair and McC anahan 1961; Diel and Lundgren 1982; Sanders et al. 1976,
1977). In rats exposed by inhalation or intranmuscular injection,

greater anounts of plutonium have been found in the feces as soon as 6
days follow ng inhalation exposure. This nay be due to the renoval of
particles fromthe respiratory tract by the nucociliary el evator and the
consequent swal | owi ng of these particles or due to biliary clearance
(Morin et al. 1972).

2.3.4.2 Oral Exposure

Most of plutonium admninistered to dogs in a bicarbonate sol ution by
the oral route was elimnated in the feces, with an average excretion of
98% of the adm nistered dose after 5 or 6 weeks (Toohey et al. 1984).

In mce and rats total retention of plutoniumvaried fromO0.17 to 0.24%
of the administered activity and was not dependent on oxidation state or
on the mediumin which it was adm nistered (Larsen et al. 1981).
Retention in the liver of mce and rats was 0.036 and 0.054%
respectively, of the initial dose (Larsen et al. 1981) and in the

skel eton plus liver of fasted dogs was 0.063% of the adm nistered dose
(Toohey et al. 1984).

Retention of plutoniumin rat neonates was 100 tinmes greater than
in adults (Sullivan et al. 1984). More plutoniumwas found in the wall
of the small intestine than in the walls of the stomach and | arge
intestine of rats (Fritsch et al. 1988).

2.3.4.3 Dernal Exposure

No studies were located regarding excretion in hunans or | aboratory
animal s after dermal exposure to plutonium

2.3.4.4 O her Routes of Exposure

Little information is known about the excretion of plutoniumin
humans after exposure through other routes. Fromterminally ill humans
who were adninistered an intravenous injection of plutoniumit appeared
that the major route of elimnation was in the urine (Langhamet al.
1980). The biological half-time in these individuals was estimted to
be 118 years and the retention half-tine in the liver was estimted to
be greater than 1 year. Data from humans occupational |y exposed through
wounds i ndicated that excretion patterns could net be predicted
following this type of exposure (Hanmond and Putzier 1964).

Frominjection studies in |aboratory animals it was found that
retenti on was dependent on the isotope, chemcal form and sex. In dogs
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pl ut oni um 239 was retained | onger than plutonium 237 (Bair et al. 1974).
The retention of plutonium 242 and pl utonium 244 was simlar, and was

| onger than the retention time for plutonium 236 and pi utoni um 239
(Quilnmette et al. 1978). In nmice no difference was seen in fractiona
retention at | ow and high doses (Andreozzi et al. 1983). In hansters
nore plutonium adm nistered intravenously in an insoluble form

(pl utoni um di oxi de) was retained than plutonium adm nistered in a

sol uble form (plutoniumcitrate) (Brooks et al. 1976b). Retention after
intraperitoneal injection of mce and hansters may be sex-dependent;
femal es retained nore in the liver than males (Smth et al. 1576, 1978).
However, retention after intravenous injection was not sex-dependent
(Smith et al. 1978). Total retention and liver retention increased with
age (Bruenger et al. 1980; David and Harrison 1984).

The whol e body retention of intravenously adm nistered pl utonium
237 and/or -239 citrate in dogs varied from approximately 85%to al nost
100% (Bair et al. 1974; Lloyd et al. 1976, 1984) with liver retention of
about 25% (Bair et al. 1974; Lloyd et al. 1976, 1984; Stover et al
1962) and skeietal retention of about 50% (Bruenger et al. 1980; LIl oyd
et al. 1978a, 1978b, 1984). Liver retention was found to be dosedependent
(Stover et al. 1962). In hansters, the whole body retention
of plutonium 239 di oxi de was approxi mately 100% (Brooks et al. 1983).
Pl ut onium was found to be retained for an indefinite time in the testes
and ovaries of mce and rats (Geen et al. 1977; MIller et al. 1989;
Tayl or 1977). Retention at the site of admnistration after exposure
whi ch sinmul ated wounds was from 16 to 21% of the adm ni stered dose
(Dagle et al. 1984).

The half-life for renpval of plutoniumwas very long. In mce the
bi ol ogical half-life of plutonium238 or 239 citrate in the skel eton was
one to two tinmes the animal's lifespan and in the liver the half-life
was 350 days (Andreozzi et al. 1983). In dogs the half-life of
pl utoni um 239 citrate in the liver was 3,081 days, in the spleen was 995
days, and in the kidney was 1,520 days (Stover et al. 1968b). A long
effective half-1ife has been reported in hansters with 85% of injected
pl utoni um 239 citrate still in the bone and liver 700 days after
adm ni stration (Benjanmn et al. 1976).

In mice plutonium 239 adnministered as a polynmer in a non-citrate
solution was cleared fromthe blood rapidly, 99%in 15 m nutes, while
only 20% of pl utonium administered as a nononer in a citrate solution
was cleared in the sane tine (Baxter et al. 1973). Most plutoni um was
retained in the body, and the remai nder was excreted. In mce,
hanmsters, and dogs from 10 to 30% of plutoniumwas excreted prinmarily in
feces (Baxter et al. 1973,; Brooks et al. 1983; Lloyd et al. 1976, 1978b,
1984). Pl utoni um was al so shown to be renpved fromthe body through
| actation; however, the anount of plutoniumin nilk was not reported
(Taylor 1980). In nursing rats adm nistered plutonium 239 citrate, the
total body burden was decreased 10% by | actation (Tayl or 1980).
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2.4 RELEVANCE TO PUBLI C HEALTH

Pl ut oni um i sot opes are products of neutron absorption processes in
nucl ear reactors generated by nucl ear processes. Exposure to plutonium
in environnental nedia poses the potential for causing adverse health
effects. Plutonium and other al pha-emtting radi onuclides (ATSDR 1990)
exert their biological effects after entering the body and depositing in
radi osensitive tissues. Inhalation is the primary route of plutonium
exposure for humans in either occupational or environnmental settings.
Transl ocation fromthe lungs to other organs in the body depends on a
variety of factors including the solubility of the plutonium conmpound
and the particul ar plutoniumconplex. Plutoniumis not readily absorbed
fromthe gastrointestinal tract or through intact skin.

Plutoniumenits ionizing radiation primarily in the form of al pha
particles. The type and severity of the biological response to this
radiation will depend not only on the anmount of radiation enitted but
also on the radiosensitivity of the tissue and contact (retention) tine.
In general, tissues undergoing rapid cell regeneration are nore
radi osensitive than sl ower or nonregenerating cell systens (see

Appendi x B).

Ani mal studies have denonstrated that exposure to high radiation
doses of plutoniumisotopes have resulted in decreases in |ifespan
di seases of the respiratory tract, and cancer. The target tissues
appear to be the lungs and associ ated | ynph nodes, the liver, and bones.
However, these observations in aninmals have not been corroborated by
epi dem ol ogi cal investigations in humans exposed to snaller amounts of
pl ut oni um

Death. No deaths in humans specifically associated with plutonium
have been reported foll owi ng acute pl utoni um exposure. Epi dem ol ogi ca
studi es of occupational cohorts did not report any increases in deaths
due to nonnalignant diseases. However, the highest radiation |evels
reported in workers were 100- to 1,000-fold | ower than the radiation
levels that resulted in death (due to respiratory failure) in some
| aboratory animals. Acute exposures to high |evels of plutonium
i sot opes, adm nistered as dioxides, citrates, or nitrates, were fatal to
several |aboratory species when exposure occurred by the inhalation,
oral, or injection routes. Survival time was radiation dose-related for
all of these routes of exposure. By the inhalation route in aninals,
nonmal i gnant respiratory disease was characterized by radiation
pneunonitis, pulnmonary fibrosis, alveolar edema, and occasionally
hyperpl asia and netaplasia with death occurring within weeks or nonths
of the initial exposure to high concentrations. It is |ikely that
nortality due to radiation-induced sickness, such as radiation
pneunonitis, could occur in humans at sufficiently high radiation doses.
Such amounts of radiation, however, would be expected to occur only with
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an extremely large accidental release but not at the radiation |evels
attributable to plutoniumcurrently identified in the anbi ent
envi ronment .

Respiratory Effects. Neither deaths due to respiratory disease nor
reduced respiratory function have been reported anong the occupationally
exposed cohorts-. Respiratory diseases characterized by pneunonitis,
fibrosis, edema, and respiratory dysfunction have been reported in all
| aboratory species tested foll owi ng acute exposure to high
concentrations of plutoniumby the inhalation or injection routes. The
severity of the respiratory disease and the tine to death from
respiratory disease correlated with the activity concentration
I nduction of this type of respiratory disease in humans coul d occur at
hi gh exposure |l evels, which greatly exceed those conmonly found in the
environnmental setting. However, the radiation dose that mght result in
ei ther pul nonary dysfunction or pul nonary di sease in humans has not been
specifically identified. A no observed adverse effect |evel (NOAEL) was
not established with certainty based on the data from ani nal studies.
The types of adverse respiratory effects observed appear to be
consistent with the pattern of al pha radiati on danage that nay occur in
sl ower regenerating tissues such as the lungs (see Appendi x B). That
bei ng the case, production of respiratory tissue damage in the |ungs may
occur but may not be imredi ately apparent, especially at |ow
envi ronnment al exposures.

Hemat ol ogi cal Effects. No acute henatol ogical effects were
observed anong human vol unteers given a single injection of plutonium
but no follow up study was conducted to assess the possibility of
del ayed effects. No adverse hematol ogical effects were reported anong
t he various occupational cohorts who underwent nedi cal exani nations.
There is consi derabl e evidence from ani nal experinents that plutonium
produces adverse effects in the hematopoietic system Lynphopenia was
the nost common finding follow ng inhalation exposure in animals, while
anem a, bone marrow depression, and decreases in white blood cells and
henmat opoi etic stemcells occurred follow ng injection of plutoniumin
ani mal s. The | ynphopeni a was dose-rel ated and correlated both in
magni tude and tinme of appearance post-exposure with the initial |ung
burden of inhaled plutonium Hematol ogi cal abnornalities have occurred
i n human popul ations foll owi hg exposure to external radiation (i.e.,
gamra and hi gh-energy beta), and blood-form ng cells could be a target
for internally deposited al pha radi ati on (see Appendi x B); however, the
rel evance of the henmatol ogi cal effects seen in animals at high doses to
potential health effects in humans environnental |y exposed to pl utoni um
is unclear.

Hepatic Effects. Adverse hepatic effects associated with plutonium
exposure have not been reported in humans. There is evidence in animals
that inhalation or injection of plutoniumresults in degenerative liver
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injury and functional inpairnment of the liver. It is likely that these
effects are directly related to the radiation toxicity of plutonium
(since liver tunors have been observed), rather than a secondary
response to other adverse biological events in the body, although the
liver is expected to be |ess radiosensitive than nore rapidly
regenerating cells. Subtle changes in liver function as a result of |ow
doses of plutonium have not been evaluated. It is unclear fromthe
reported literature whether conmplete liver function tests were perforned
in the occupational cohorts under investigation. As with the other

nonst ochasti ¢ bi ol ogi cal effects discussed, the | evel bel ow which
hepatic effects are unlikely to occur as not been clearly defined;
therefore, the effects of plutoniumon hepatic function and histol ogy at
| evel s encountered in the environment have not been identified.

Muscul oskel etal Effects. Adverse nuscul oskeletal effects
associ ated with plutoni um exposure have not been reported in hunans.
There is |limted evidence of noncancerous bone damage and no evi dence of
nmuscl e damage in | aboratory ani mals exposed to plutonium Miscle tissue
is considered to be relatively resistant to the effects of al pha
radi ati on (see Appendi x B); therefore, danage to nuscle tissue is not
expected in animals and should not be of concern to individuals exposed
to plutoniumin the environment. Bone damage occurred in animals given
pl utoni um by the inhalation route and the injection route. The nore
soluble fornms of plutoniumresulted in bone danmage when inhal ed.
Spont aneous fractures, which were age-dependent, along with atrophy and
ost eodystrophy, were seen at high radi ati on doses. These skel et al
effects may be due to radiation danmage to rapidly dividing osteoblasts
especially in the ends of |ong bones; therefore, children could be a
sensitive subpopul ati on and could be nore sensitive to radiation-induced
bone damage.

Gastrointestinal Effects. Adverse gastrointestinal effects
associ ated with plutoni um exposure have not been reported in humans.
Gastrointestinal effects in aninals have been reported only in an ora
study in neonatal rats. Because the epithelial cells of neonatal
rodents are i mmature and poorly enclosed, these cells may be nore
sensitive to radiation danmage in the neonate than in the adult, so it is
possi ble that infants would represent a sensitive subpopul ati on anong
peopl e exposed to plutoniumby the oral route. Gastrointestinal
absorption is limted, and translocation to other organ systens is al so
limted. The probability of exposure of humans to plutoniumby the oral
route is expected to be snall; however, if it were to occur, |ocalized
radi ati on damage to the epithelial cells of the stonmach may occur.

I munol ogi cal Effects. Adverse inmunol ogi cal effects associ ated
wi th pl utoni um exposure have not been reported in humans.
I mmunotoxi city has been observed in several species adm nistered
pl ut oni um by i nhal ation and in dogs given plutonium by injection.
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Plutoniumis translocated fromthe lungs to the tracheobronchial and
nmedi astinal |ynph nodes, and has al so been found in the hepatic |ynph
nodes. I nmunotoxicity ranged fromalterations in antibody-form ng cells
to atrophy and fibrosis of |ynph glands. The animal data present a
consi stent view that plutonium affects inmune function either by
destruction of |ynmph nodes or circulating | ynphocytes or other
alterations in i nmune system conpetence. The inplications of this for
human health are unknown; however, it is possible that if alterations in
i mmune system conpetence were to occur, then the ability to respond to
ot her di sease situations unrelated to plutoniumcould be affected. Tine
i mmunot oxi city which occurred in | aboratory animals was observed at
concentrations | ower than those that resulted in overt clinica
(respiratory) effects. These findings suggest that individuals exposed
to plutoniumcould devel op subtle changes in the i mune systemthat my
reduce inmune. conpetence at doses that may not induce overt signs of
toxicity.

Genotoxic Effects. Tables 2-4 and 2-5 present the results of in
vitro and in vivo genotoxicity studies, respectively.
Epi deni ol ogi cal studi es do not provide evidence that plutonium
produces genetic damage in humans. In particular, the data from persons
i nvolved in the Manhattan project after a 30-year foll ow up have been
negative. In vitro tests using human |ynphocytes irradiated with
pl ut oni um 238 or pl utonium 239 denonstrated increases in sister
chromati d exchange (Aghanmpbhamadi et al. 1988) and chronosonal
aberrations (Purrott et al. 1980), respectively. In vitro studies have
al so shown a dose-related |inear increase in nmutation frequencies at the
hypoxant hi ne- guani ne phosphori bosyl transferase |locus in cultured human
fi broblasts (Chen et al. 1984).

The animal in vivo and in vitro studies are in agreenent.
Pl ut oni um i nduced chronpbsomal aberrations in several species in vivo and
in the corresponding cell lines when cultured in vitro. Chronpsoma
aberrations (Wlleweerd et al. 1984) and gene nutations (Thacker et al.
1982) were seen in Chinese hanster cells cultured in vitro. Plutonium
was not genotoxic using the Anes test for nutagenicity in severa
strains of Salnonella typhinmurium (Fritsch et al. 1980).

Cancer. Epidem ol ogi cal studies of occupational cohorts with long-term
exposure to plutoniuminclude those of workers at Los Al anps
Nati onal Laboratory, Rocky Flats Nucl ear Weapons Plant, or Hanford
Weapons Pl ant and the cohort involved in the original Manhattan project
at Los Al anps. None of these studies has denonstrated an unequi vocal
associ ati on between exposure to plutoniumand nortality from cancer at
any anatomical location in workers after 30 or nore years. These
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Genotoxicity of Plutonium In Vitro

End Point

Species/Test System

Reference

Prokaryotic organisms:

Gene mutation

Mammalian cells:

Gene mutation

Chromosomal
aberrations

Gene mutation

DNA damage

Reduction in
radio-
resistance

Sister
chromatid
exchanges

Salmonella typhimurium/
TA-100, TA-98, TA-1535,

TA-1537, TA-1538,
TA-2420, TA-2421

Chinese hamster/ovary
cell line

Human/lymphoblastic
cell line

Human/lymphocytes

Chinese hamster/M3-1
cells

Human/embryonic skin
fibroblasts

Chinese hamster/ovary
cell line

Chinese hamster/V79-4
cells

Chinese hamster/V79-
379A cells

Mouse-rat/hybrid cell
line

Human/lymphocytes

Fritsch et al. 1980

Fritsch et al. 1980
Fritsch et al. 1980
Purrott et al. 1980
Welleweerd et al. 1984
Chen et al. 1984
Barnhart and Cox 1979
Thacker et al. 1982
Prise et al. 1987
Robertson and Raju 1980

Aghamohammadi et al,.
1988

- = negative result
+ = positive result
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Genotoxicity of Plutonium In Vivo

End Point Species/Test System Result Reference
Mammalian systems:
Chromosomal Chinese hamster/ - Brooks et al. 1979
aberrations testes
Mouse/testes + Brooks et al. 1979;
Beechey et al. 1975
Chinese hamster/liver + Benjamin et al. 1976;
cells Brooks et al. 1976b
Mouse/bone-marrow + Svoboda et al. 1987
cells
Syrian hamstér/lung + Stroud 1977
cells
Chinese hamster/blood + Brooks et al. 1976a
cells
Human/peripheral (+) Brandon et al. 1979;
lymphocytes Tawn et al. 1985
Human/whole blood - Hempelmann et al. 1973;
Voelz et al. 1979
Human/blood lymphcytes + Schofield et al. 1980
Monkey/blood lyphocytes + LaBauve et al. 1980
Dominant lethal Mouse/germ cells - Searle et al. 1976
Mouse/germ cells + Lining et al. 1976a,
1976b
Mouse/ovaries (+) Searle et al. 1982
Reciprocal/ Mouse/spermatogonia + Beechey et al. 1975;
chromosome Generoso et al. 1985
translocation - Searle et al. 1976

+ = positive result
- = negative result

(+) = positive or marginal result
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studi es have one or nore of the sanme limtations inherent in other

epi dem ol ogi cal studies. These include small cohort size, poorly
defined exposure information, or insufficient foll ow up periods.

However, the Rocky Flats study was extensive and exposures were
document ed from health physics records. One linitation of the Rocky
Flats study is that the worker cohort was divided into only two exposure
categori es based on body burden, less than or greater than 2,000 pC

(74 Bg) plutonium The authors concluded that the study suggested an

i ncreased risk of |ynphopoietic cancers based on a total of four such

| ynphopoi eti ¢ neopl asnms, one each of |ynphosarconma/reticul osarcom, non-
Hodgki n's | ynphorma, multiple nyel ona and nyel oi d | eukeni a. However, no
el evated cancer incidences were noted in tissues with the highest
concentrations of plutonium (tracheobronchial |ynph nodes, lungs, |iver,
and bone) as denonstrated in autopsy sanples.

In contrast, the results from nunerous aninmal studies are
concl usive. Plutonium at the concentrations adm nistered produced | ung,
liver, and bone cancers primarily when adm ni stered by the inhal ation or
injection routes in dogs, mce, rats, and nonhuman primtes. Only
Syrian hansters appeared to be resistant to plutoniuminduced tunors,
even though hansters devel oped t he sane nonmal i gnant respiratory
ef fects. The current understandi ng of radi ation-induced carci nogenesi s
is that it is a stochastic process, that is, one without a threshold for
devel opi ng cancer. Mechanistically, plutoniumshould be considered to
have the potential to cause cancer due to the em ssion of al pha
particles (ATSDR 1990). While it is true that cancer in aninmals
resulted fromextrenely |large concentrations that are orders of
magni t ude hi gher than any occupati onal or environmental exposure (except
under an accident scenario), it is appropriate and health protective to
assunme that sone | evel of risk of cancer exists fromexposure of humans
to plutonium

2.5 BIOVARXERS OF EXPOSURE AND EFFECT

Bi omarkers are broadly defined as indicators signaling events in
bi ol ogi ¢ systens or sanples. They have been classified as markers of
exposure, markers of effect, and markers of susceptibility (NAS/ NRC
1989).

A bi omar ker of exposure is a xenobiotic substance or its
net abolite(s) or the product of an interaction between a xenobiotic
agent and sone target nolecule or cell that is nmeasured within a
conpartnment of an organi sm (NAS/ NRC 1989). The preferred bi omarkers of
exposure are generally the substance itself or substance-specific
nmet abolites in readily obtainable body fluid or excreta. However,
several factors can confound the use and interpretation of biomarkers of
exposure. The body burden of a substance may be the result of exposures
fromnore than one source. The substance being neasured nay be a
nmet abol i te of another xenobiotic (e.g., high urinary | evels of phenol
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can result from exposure to several different aromati c conmpounds).
Dependi ng on the properties of the substance (e.g., biologic half-life)
and environmental conditions (e.g., duration and route of exposure), the
substance and all of its netabolites may have left the body by the tine
bi ol ogi ¢ sanpl es can be taken. It may be difficult to identify

i ndi vi dual s exposed to hazardous substances that are commonly found in
body tissues and fluids (e.g., essential mneral nutrients such as
copper, zinc and seleniun). Bionarkers of exposure to plutoniumare

di scussed in Section 2.5.1.

Bi omar kers of effect are defined as any neasurabl e bi ochem cal,
physi ol ogic, or other alteration within an organi smthat, depending on
magni t ude, can be recogni zed as an established or potential health
i npai rment or di sease (NAS/NRC 1989). This definition enconpasses
bi ocheni cal or cellular signals of tissue dysfunction (e.g., increased
liver enzyne activity or pathol ogic changes in female genital epithelium
cells), as well as physiologic signs of dysfunction such as increased
bl ood pressure or decreased |lung capacity. Note that these markers are
of ten not substance specific. They also may not be directly adverse,
but can indicate potential health inpairnment (e.g., DNA adducts).

Bi omar kers of effects caused by plutonium are discussed in
Section 2.5. 2.

A bi omar ker of susceptibility is an indicator of an inherent or
acquired limtation of an organisnms ability to respond to the chall enge
of exposure to a specific xenobiotic. It can be an intrinsic genetic or
other characteristic or a preexisting disease that results in an
i ncrease in absorbed dose, biologically effective dose, or target tissue
response. |If biomarkers of susceptibility exist, they are discussed in
Section 2.7, "POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE. "

2.5.1 Bi omarkers Used to ldentify or Quantify Exposure to Pl utonium

Bi omar kers of exposure to plutoniuminclude the presence of
plutoniumin urine, which is identified by neasuring al pha activity.
Fromthe levels of radioactivity in the urine, body burdens of plutonium
may be estimated by the use of nobdels. Body burdens of plutoniumin
several popul ations, including workers at Los Al anps Nati onal
Laboratory, the Rocky Flats facility, and the Hanford facility, have
been estimated fromurinal ysis data. However, whol e body burdens
determ ned from sel ected tissues obtained at autopsy have generally been
| ower than those estimated fromurinalysis data (Voelz et al. 1979).

The presence of radioactivity fromplutoniumin urine is specific to

pl ut oni um exposure. Plutoniummay be found in the urine after any
exposure duration (e.g., acute, internediate, chronic). Although it can
be assunmed that exposure to greater levels of plutoniumwould result in
the presence of greater levels of radioactivity in the urine, no
informati on was | ocated to directly quantify this relationship.



66

2. HEALTH EFFECTS

2.5.2 Biomarkers Used to Characterize Effects Caused by Pl utonium

Limted infornmation is avail abl e regardi ng bi omarkers of effect of
pl ut oni um exposure. The presence of chronbsome aberrati ons has been
reported in | aboratory animals follow ng exposure to plutonium
Chronpsone aberrations have al so been reported in humans fol | ow ng
exposure through open wounds, but evidence from epi dem ol ogi ¢ studies
where exposure occurred via inhalation have been equivocal (Brandom et
al . 1979; Henpeinmann et al. 1975; Tawn et al. 1985: Voelz et al. 1979).
Al t hough the presence of chronpsone aberrations could be considered a
bi omar ker of effect, the nunmber of chem cals that could cause this
effect is so great that the effect woul d not be considered pl utoniunmspecific.
In dogs, the earliest observed biol ogical effect of exposure
to plutoniumis a dose-related | ynphopenia that correlated in nagnitude
and time of appearance post-exposure with initial lung burden (Park et
al . 1988; Ragan et al. 1986). Although there is currently no
informati on in humans regardi ng the occurrence of this effect, the
presence of |ynphopenia in humans follow ng plutoniumexposure m ght be
a potential biomarker of effect.

Bi omar kers of effect for plutonium exposure may exi st but were not
located in the reviewed literature. For nore information on biomarkers
of effects for the i mmune, renal, and hepatic systens see ATSDR/ CDC
Subconmi ttee Report on Biological Indicators of O gan Damage (1990) and
for bionmarkers of effect for the neurol ogical systemsee OTA (1990).

For nmore information on health effects foll ow ng exposure to plutonium
see Section 2. 2.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

The toxicokinetics of plutonium appear to be influenced by exposure
to cigarette snoke. Cigarette snoke, when adninistered to mce
following i nhal ati on exposure to plutonium 239 di oxi de, appeared to
i nhibit the clearance of plutonium (Tal bot et al. 1987). At 49 days
post - exposure, animals exposed to plutoniumand cigarette snoke retained
approxi mately 20% nore pl utoni umthan those ani mal s exposed to pl utoni um
al one.

Exposure to inhaled plutonium 239 di oxide foll owed by intratrachea
instillation of benzo(a)pyrene resulted in a higher incidence of |ung
tunors and a decrease in nedian survival time conpared to aninmals
exposed to plutonium 239 dioxide alone (Metivier et al. 1984). As the
dose of benzo(a)pyrene increased, survival time decreased. Exposure of
rats to a single intra-abdom nal injection of a m xture of plutonium 239
di oxi de and benzo(a)pyrene resulted in an additive effect in the
i nducti on of abdomi nal sarcomas, conpared to animals given
benzo(a)pyrene or plutoniumonly (Sanders 1973a).
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A decrease in median survival tine was observed in rats injected
intravenously with plutonium 239, imediately foll owed by exposure to Xrays
(Ballou et al. 1962), as conpared to those ani mals exposed to
pl utoni um al one. As exposure to X-rays increased, survival tine
decreased. However, when exposure to X-ray was del ayed (as nmuch as 1S
days) follow ng exposure of the rats to plutonium 239, the nunber of
deat hs occurring before 40 days was reduced.

Exposure of rats to plutoniun 239 di oxi de and ashestos by
intraperitoneal injection resulted in a higher incidence of abdom nal
tunors conpared to aninals exposed to plutonium 239 di oxi de al one
(Sanders 1973a). However, this additive effect of asbestos and
pl ut oni um was not observed in the induction of pul nonary sarcomas when
asbestos was administered to rats in conbination with plutoni um 239
oxide via intratracheal instillation (Sanders 1975b). In the sane
study, asbestos did not influence the translocation of plutoniumin
rats. However, asbestos increased the pul nonary retention of plutonium
conpared to those exposed to plutoniumonly (Sanders 1975b).

An increased incidence of netaplasia was observed in rats exposed
via inhalation to a single exposure of plutonium 239 dioxide followed by
adm nistration of 1 or 10 ng vitamin Cm of drinking water for 1 year
post - exposure, conpared to those aninals exposed to plutoniumonly
(Sanders and Mahaffey 1963). However, the incidence of squanous cel
carcinomas in adnal s exposed to plutoniumand vitam n C decreased with
i ncreasing dose of vitamn C. The authors state that vitam n C nay
interfere with the progression of squanous cell netaplasia to squanous
cell carcinona

Studies in laboratory animals have al so shown the influence of
metal s on the toxicokinetics of plutonium Pretreatnent of rats with a
subcut aneous injection of cadm um or copper followed by an intravenous
i njection of plutonium 239 or plutonium 238 resulted in changes in the
di stribution patterns of plutonium but not in total retention of either
i sotope. Plutoniumretention of both isotopes, follow ng pretreatnent
with either nmetal, was increased in the spleen and the kidneys, as
conpared to animals treated with plutoniumonly (Volf 1980). Copper
pretreatnent appeared to increase the retention of plutoniumin the
liver, while cadm um pretreatnent appeared to decrease pl utonium
retention in the liver. These differences in retention of plutoniumin
the liver may reflect different properties of the respective netal binding
proteins or different nmechani snms of action (Volf 1980).

Exposure of rats via inhalation to beryllium oxide foll owed by
exposure to plutonium 239 oxide resulted in increased retention of
plutoniumin the lungs of rats and subsequently, increased translocation
of plutoniumto thoracic |ynph nodes as conpared to plutoniumtreated,
controls (Sanders et al. 1978). Although lung retention of plutonium
was i ncreased and berylliumand plutoniumare both considered to be |ung
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carci nogens, conbi ned exposures of beryllium and pl utonium 239 did not
significantly increase the incidence of lung tunors in rats, conpared to
rats treated with plutoniumonly (Sanders et al. 1978).

Adm ni stration of alcohol prior to exposure to plutonium appears to
have an effect on the toxicokinetics of plutonium Rats were treated
orally with 12.5 or 25% ethanol (in 25% sucrose) for 1 or 6 weeks
followed by an intravenous injection of polyneric plutonium 239 and were
sacrificed 1 or 41 days post-exposure (Mahlum and Hess 1978). In
ani mal s given ethanol for 6 weeks, retention of plutoniumin the |iver
was increased at 1 day post-exposure, but returned to normal 41 days
post - exposure, conpared to aninmals exposed to plutoniumonly. At 1 day
post - exposure, lung retention of plutoniumwas increased in aninals
gi ven ethanol for 1 week, while lung retention of plutonium was
decreased in aninmals given ethanol for 6 weeks. These differences were
still apparent at 41 days post-injection (Mahlum and Hess 1978).

Ani mal studi es have been conducted to study the relative hazards of
"diffuse” vs. "localized" irradiation of the lung (Anderson et al. 1979)
to determne if there is a "hot particle" or "hot spot" effect. In
t hese studi es, hanmsters were exposed by instillation or intravenous
injection to pIutoniun}238 or -239 oxide contained in zirconium di oxi de
spheres. Following "localized" exposure, the incidence of lung tunors
was S|gn|f|cantly |ncreased (3/102) only at the highest exposure
[ 3. 5x10° pO (1.3x10° Bg) pl utoni um 238/ kg body weight]. However,
followi ng "diffuse" exposure, a significant |ncrease in the incidence of
lung tunors was observed at exposures of 8.4x10° pO (3. 1x10* Bq)
pl ut oni um 238/ kg body wei ght and 9.4x10°pCG (3. 5x10° Bg) pl utoni um
239/ kg body weight. The authors concluded that for a given |ung burden
of plutonium the nost hazardous distribution was "diffuse."

Ani mal studi es have shown the effects of chelation therapy on the
renoval of previously incorporated actinide elenments, such as pl utonium
Exposure of young adult beagle dogs to a single intravenous injection of
pol yrmeric plutonium 239 plus plutonium 237 as a tracer, followed by
weekly exposure to diethyl enetriam ne-pentaacetate (DITPA) as cal ci um
salt (Ca-DTPA) or daily exposure of DTPA as zinc salt (Zn-DTPA),
resulted in 14.6% or 10.4% pl ut oni um 237 excretion, respectively, vs.
7.1% pl ut oni um excretion at 24 hours post-exposure in those aninals
exposed to plutonium alone (LIoyd et al. 1978c). After 28 days,
cumul ative excretion (corrected for radi oactive decay) reached 38.2% for
Ca- DTPA, 49.4% for Zn-DTPA, and 12.1%for those animals treated with
pl ut oni um al one. The study indicated that daily exposure of beagle dogs
to Zn-DTPA is nore effective in increasing the excretion of incorporated
pl ut oni um t han weekly exposure to Ca-DTPA. As specul ated by the
aut hors, the enhanced pl utoni um excretion may have occurred as a result
of cal ciumreplacenent in Ca-DTPA or zinc replacenment in Zn-DTPA by
pl utonium at the cellular |evel.
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2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

Children may be particularly susceptible to the adverse effects of
plutonium Cells are replicating nmuch faster in growing children than
in adults. Rapidly regenerating cells are nore radi osensitive than
slowy regenerating cells (see Appendix B). Therefore, children may be
nmore susceptible to the radiation effects of plutoniumthan adults.

Persons with chronic obstructive lung di seases nay be nore
susceptible to the toxic effects of inhaled plutonium Based on results
fromstudies in rats with puinonary enphysema, plutonium deposition
woul d be decreased in a person with pul nonary enphysema, but retention
woul d be increased (Lundgren et al. 1981). Therefore, a greater
radi ati on dose would be delivered to the lungs of a person with
enphysema or ot her chronic obstructive |lung di seases.

Persons who are anenic due to an iron deficiency nay be nore
susceptible to the toxic effects of plutonium Studies by Ragan (1977)
have denonstrated that iron-deficient mce absorbed four tines as much
plutoniumfromthe gastrointestinal tract as mce with nornmal iron
| evel s. Therefore, persons who are iron deficient my absorb nore
pl utoni um (Sul li van and Ruenmi er 1988).

2.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of
the Public Health Service) to assess whether adequate information on the
health effects of plutoniumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the National Toxicol ogy
Program (NTP), is required to assure the initiation of a program of
research designed to determ ne the health effects (and techni ques for
devel opi ng nmethods to deternine such health effects) of plutonium

The followi ng categories of possible data needs have been
identified by a joint teamof scientists from ATSDR, NTP, and EPA. They
are defined as substance-specific informational needs that, if nmet would
reduce or elimnate the uncertainties of human health assessnment. In
the future, the identified data needs will be evaluated and prioritized,
and a substance-specific research agenda will be proposed.

2.8.1 Existing Information on Health Effects of Pl utonium

The existing data on health effects of inhalation, oral, and dernm
exposure of hunmans and animals to plutoniumare sunmarized in
Figure 2-4. The purpose of this figure is to illustrate the existing
i nformati on concerning the health effects of plutonium Each dot in the
figure indicates that one or nore studies provide information associ ated
with that particular effect. The dot does not inply anything about the
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quality of the study or studies. Gaps in this figure should not be
interpreted as "data needs" infornation.

Figure 2-4; graphically describes whether a particular health effect
end poi nt has been studied for a specific route and duration of
exposure. Information on health effects in humans is very limted
| argely because exposed popul ations are small. Epidem ol ogi cal studies
of peopl e who have been occupationally exposed by inhalation to
pl ut oni um have eval uated end points such as nortality, cancer, and
system c effects followi ng chronic exposure. No information on health
effects in humans after acute or intermedi ate exposure to plutoni um was
| ocated. Information on health effects fromaninmal studies is nore
extensive than that which has been reported i n epi dem ol ogi cal studies.
These studies in animals provide information on health effects foll ow ng
both acute and internediate inhalation exposure and limted information
on acute oral exposure.

2.8.2 ldentification of Data Needs

Acut e-Durati on Exposure. The possibility of brief exposure of
humans to plutoniumexists at hazardous waste sites or at accidental
spill sites. However, no data are avail able for hunans exposed acutely
via inhalation or oral routes. Information on the toxicity of plutonium
in [aboratory animals follow ng single high-dose inhalation exposure is
extensive and indicates that the lung is the main target organ for
i nhal ed plutonium Laboratory ani nmals exposed by this route have
devel oped pneunonitis, fibrosis, netaplasia, and cancer. Acute exposure
of | aboratory animals to | ower doses of plutoniumwould be useful to
identify possible inhalation toxicity in humans. Linited information on
adverse effects in |aboratory animals follow ng acute oral exposure
i ndicates that the gastrointestinal tract is the main target organ
However, kinetic studies indicate that plutonium absorbed fromthe
gastrointestinal tract is distributed to the skel eton and ot her tissues;
therefore, other organs may al so be affected. Because there are no data
on humans and ani mal data are insufficient, additional information is
needed on adverse effects followi ng acute exposure by the oral route.

No data are avail able on adverse effects followi ng acute dernal exposure
in humans or animals. Limted information fromkinetics studies in
humans and animals indicates that there is little absorption of

pl ut oni um t hr ough i ntact skin. However, plutonium deposited in wounds

i s absorbed and distributes to numerous organs, including regional |ynph
nodes and the liver. Since industrial accidents resulting in

pl ut oni untont am nat ed wounds are known to occur, additional information on
adverse effects following this type of exposure would be hel pful. One
outstandi ng problemwi th all of the existing acute exposure tests in

| aboratory animals is that the doses tested are extrenely high. Further
singl e-dose studies for all exposure routes using a nunber of |ower
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exposure concentrati ons would be useful in determ ning any dose-response
relationship for adverse health effects.

I ntermedi ate-Duration Exposure. Linited data frominternedi at e-
Durati on exposure studies in laboratory aninmals indicate that the |ung
is the target organ for inhaled plutonium In one study, hamsters
devel oped pneunonitis following intermttent exposure to plutonium
However, no data are available on effects of inhalation exposure for
this duration in humans. Kinetics studies in animals exposed by
i nhal ati on are extensive but all are single-exposure studies. No
information is available in animls or humans foll owi ng internediate-
duration exposure by the oral or dermal routes. A single kinetics study
in rats exposed to plutoniumby the oral route for an internedi ate
period indicated that significant deposition was found in the
gastrointestinal tract, the skeleton, and soft tissues. Because |linted
or no data are avail able on systenic effects or kinetics follow ng
i ntermedi at e-duration exposure by all three routes, studies to provide
such data woul d be useful. These data could be used to predict hunman
health effects from exposure for this duration in populations |iving
near hazardous waste sites and in the workplace, and to deternine the
relative contribution of each of the three routes of exposure to these
adverse health effects.

Chroni ¢ Duration Exposure and Cancer. No informati on on noncancer
health effects 'hollow ng chronic exposure of animals or humans to
pl utoni um by any route exists. Epidem ol ogical studies generally report
only nortality fromcancer and do net report deaths from noncancer
causes or other noncancer adverse effects that may have been identified.
Limted kinetics studies of occupationally exposed individuals indicate
t hat plutoni um concentrati ons were higher in the lungs and tracheal bronchi al
| ynph nodes than in any other single organ, indicating that
the lung would be the target organ for inhaled plutonium However, no
noncancer effects were reported in these individuals. Studies of
ki netics foll owi ng exposure by any route in |laboratory aninmals are only
for single exposures. Due to the general |ack of data on noncancer
health effects followi ng chroni c exposure, results of tests in aninals
exposed chronicaily to plutoniumwould be informative. Although, such
tests may be difficult to design and carry out due to the radioactive
nature of plutonium it would be useful to conpare such data to
noncancer adverse effects which are conmonly reported in single-dose
studi es. These studies would al so be useful in evaluating toxicity,
ot her than cancer, to the general public, as well as occupationally
exposed individuals. In addition, it would be worthwhile to report
i nformati on on noncancer effects seen in follow up of existing
occupational cohorts or new cohorts.

Studies in rats and dogs exposed to plutoniumfor 1 day have
i ndi cated that plutoniumvia inhalation causes cancer. At various tines
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foll owi ng high doses of plutonium tunors were found primarily in the
lung, but aiso in the skeleton and liver. Chronic studies of aninmals
exposed to plutoniumvia inhalation would be useful in order to conpare
the type of cancers that may occur and the onset of these effects to
those reported in single-dose studies. Epidemni ol ogi cal studi es have

been equi vocal . Most epidem ol ogi cal studies of occupationally exposed

i ndi vi dual s have consistently reported fewer cancer deaths in exposed
cohorts than in an unexposed cohort or in the nornal popul ation.

However, these epideni ol ogi cal studies have many confounding factors

i ncluding small cohort size, poorly defined exposure information,
insufficient followup period, or possible concurrent exposure to
external radiation. In one epidem ol ogi cal study, the authors report a
suggested increased risk of |ynphopoietic cancers. However, the

i nci dence of this type of cancer was based on |inmted data, and no

i ncrease in cancer incidence was noted in tissues with the highest
concentration of plutoniumas denonstrated in autopsy sanples. Chronic
ani mal studies at |ow radiati on doses woul d be useful to provide
information to assist in the interpretation of inconclusive
carcinogenicity information from existing epidem ol ogi c studies. No
information is available on kinetics or devel opment of cancer in aninals
or humans follow ng oral or dernal exposure. Although acute studies
report that absorption via these routes is much | ess than absorption via
i nhal ati on, chronic aninal studies would provide information on kinetics
and possi bl e carcinogenicity of plutoniumby these routes.

Cenotoxicity. Epidem ol ogical studies of occupationally exposed
cohorts have reported equi vocal results concerning exposure to pl utonium
and increased incidence of chronpsomal aberrations. However, in vitro
tests using human | ynphocytes irradiated with plutoni um denonstrated
increases in sister chromati d exchange. Laboratory animals have
exhi bited increased chronosonmal aberrations in blood | ynphocytes
foll owi ng exposure to plutoniumby inhalation. Gther effects seen in
vivo in animals include dom nant lethality and reciprocal chronpsoma
translocation. In vitro tests using mamalian cells confirmthe in vivo
results. The evidence is clear that plutoniumis genotoxic. However,
nore extensive study of individuals occupationally exposed woul d be
useful, and woul d hopefully clarify the equivocal reports of previous
st udi es.

Reproductive Toxicity. There are no data avail able regarding the
reproductive toxicity of plutoniumafter inhalation, oral, or dernmal
exposure in either humans or animals. In |aboratory animals given a
single injection of a high dose of plutonium significant fetal deaths
were reported and were attributed to dominant lethality. Kinetics
studies followi ng single injection of plutoniumindicate that plutonium
is distributed to the testes or ovaries of |aboratory animals (G een et
al . 1976, 1977) and is retained there for an indefinite period of tine
(rmore than 575 days) (Green et al 1977; Taylor 1977). Although this
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route of exposure is not relevant to humans, results of these studies
woul d indicate that studies to evaluate reproductive effects in

| aboratory animals follow ng single, repeated, or nmulti-generation
exposure to piutoniumvia inhalation or ingestion would be worthwhile.

Devel opmental Toxicity. There are no data avail able regarding the
devel opnental toxicity of plutoniumafter inhalation, oral, or dernmnal
exposure in either humans or animls. However, results of kinetics
studies in which animals were given a single injection of plutonium
showed that plutoniumcrosses the placenta and is retained in the fetus
(Green et al 1977; Sikov et al 1978b). These studies would indicate
that additional data are needed to eval uate devel opnental effects in
| aboratory animals follow ng single or repeated exposure to plutonium
via inhalation or ingestion.

I mmunotoxicity. There are no data avail abl e regardi ng
i mmunotoxicity of plutoniumafter inhalation, oral, or dermal exposure
in humans. In dogs exposed to plutoniumvia inhalation for a single
day, damage to | ynph nodes was observed in conjunction with pneunonitis
(Gllett et al. 1988). Once plutoniumparticles have been deposited in
the lung, macrophages play a role in the clearing process. In this
clearing process, macrophages phagocytize plutonium particles and
ultinately deposit themin the | ynph nodes. This mechanismnay |ead to
secondary danage to the |ynph nodes and thus to the i mmune system In
dogs given a single subcutaneous injection of plutonium danage to |ynph
nodes draining the injection site, as well as |ynphopenia, were observed
(Dagle et al. 1984.). The studies in dogs, together with know edge of
the clearing process in the lung, indicate that studi es designed to
evaluate the direct toxic effects of plutoniumon the function of the
i mune system woul d be useful

Neurotoxicity. No studi es have been done to deternine the
neurotoxi city of plutonium However, cells and tissues of the nervous
system may be | ess radiosensitive than faster regenerating cells of the
gastrointestinal tract or pul nonary epithelium Consequently, neurona
i mpai rment woul d not be expected. For this reason, tests of the
neurotoxicity of plutoniumnmay not be necessary at this tine.

Epi demi ol ogi cal and Human Dosinetry Studi es. Epi deni ol ogi cal
studi es of occupational cohorts with |ong-term exposure to plutonium
i ncl ude those established fromenpl oyees at Los Al anps Nati onal
Laboratory, the Rocky Flats Facility, and the Hanford Facility, as well
as the cohort involved in the original Manhattan project at Los Al anps.
These studi es have failed to denponstrate an unequi vocal associ ation
bet ween exposure to plutoniumand nortality from cancer follow ng
occupati onal exposure. However, these studies contain many linmitations
including small cohort size, poorly defined exposure information, or
insufficient follow up periods. Because these occupational cohorts have
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been exposed to plutoniumlevels nany tines higher than environnentally
exposed popul ations, continuation of the followup of these cohorts
woul d generate useful information. Exam nation of these cohorts for end
poi nt s-ot her than cancer, such as genetic effects and effects on the

i mune system woul d be useful.

Epi denmi ol ogi cal studies in which hunmans were occupationally exposed
to plutoniumattenpted to correlate adverse health effects with body
burdens of plutonium However, definite correlations between plutonium
exposure and body burdens have not been reported. Further information
inthis area is needed. Epidem ol ogical studies in which activity
concentrations in the workplace are reported al so are needed. If an
epi demi ol ogi cal study were conducted in which activity concentrations
t he workpl ace were known, attenpts could be nade to correl ate exposure
| evel s wth body burdens, as well as with health effects. |sol ated
nmeasur enment of plutoniumlevels resulting fromfallout have been nade
air, water, food, and soil. Overall, information regarding |evels of
plutoniumin the environment is limted. |If epidenm ologic data could
provi de dose-response information, additional studies on environmenta
| evel s could provide information to evaluate the extent of the hazard
associ ated with environmental plutonium exposure or exposure to
i ndi vidual s I'iving near hazardous waste sites.

Bi omar kers of Exposure and Effect. Currently, the only biomarker
of exposure that has been identified is the presence of radioactivity
rel eased by plutonium in the urine. The presence or this activity in
the urine is specific to plutonium exposure and can be used to nonitor
short-term internmediate, or |ong-termexposure. Although the detection
of plutoniumradioactivity in the urine is not a direct nmeasurenent of
exposure, estinmates may be derived using mathenatical nodels. O her
bi omar kers of exposure may exist, such as the presence of plutoniumin
bl ood, bone, teeth, or hair.

Bi omarkers of health effects resulting from plutoniumrel eased
radi ation are not known. It is possible that early danage to bone
marrow resulting fromradiati on exposure may be indicated by a decrease
in stemcells or by a decrease in the nunber of red blood cells (Joshima
et al. 1981). It is also possible that abnormal sputum cytol ogy may be
used as an early indicator of radiation damage to lung tissue (ATSDR
1990). Although a decrease in stemcells and abnormal sputum cytol ogy
may i ndi cate exposure to radiation, additional research to determine if
these nmethods are reliable and to correlate these effects with plutonium
exposure |l evels would be worthwhile.

Absorption, Distribution, Metabolism and Excretion. For
| aboratory animals, detailed quantitative information is avail able
regardi ng the absorption, distribution, and excretion of plutonium
compounds followi ng acute exposure bv inhalation or injection. There is
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no information on the toxicokinetics of plutoniumfollow ng chronic
exposure to low |l evels, and studies in this area would be nore
appl i cabl e to hunman exposure situations than single exposure studies.

I nformati on concerning the toxicokinetics of plutoniumin adult animls
follow ng oral exposure is avail able. However, previous animal studies
have indicated that very little plutoniumis absorbed foll ow ng oral
exposure. Therefore, studies of kinetics follow ng oral exposure are
not needed at this tine. Studies of age-related changes in the

t oxi coki netics of plutoniumwould be very val uabl e, especially those
age-related differences that nmay indi cate enhanced exposure or
susceptibility. Very little is known regarding the absorption

di stribution, and excretion of plutonium conpounds follow ng dernal
exposure. However, it appears that the skin is an effective barrier
agai nst nost pl ut oni um conmpounds.

Conparative Toxicokinetics. There is limted information regarding
conparative toxicokinetics anmong | aboratory ani mal speci es and hunans.
However, simlar target organs have been identified anong | aboratory
ani mal s exposed to plutonium Toxic effects that have been observed in
ani mal s have not been observed in humans. In addition, hansters devel op
many of the toxic effects in the lung foll ow ng exposure to inhal ed
pl utoni um but have not been found to develop lung tunors. This may be
i ndicative of differences in anatony and physi ol ogy or species
sensitivity. Information to help identify the appropriate ani nal nodel
to provide insight into the toxicokinetics of plutonium conpounds in
humans woul d be usef ul

2.8.3 On-going Studies

G L. Voelz (Los Alanps National Laboratory) is investigating the
correlation between | ow|evel plutonium and/or external radiation
exposure and lung cancer incidence or other diseases anong current and
former workers at Rocky Flats, Los Al anpbs, Mpund, Savannah River, 0Oak
Ri dge, and Hanf ord.

Mechani sms of al pha-emitting and bone-seeki ng radi onucl i de-i nduced
skel etal cancers are being investigated by WS. Jee (University of Utah)
i n humans and dogs.

The long-termtoxicity of inhaled plutonium 239 dioxide (B. A
Muggenburg and his col | eagues, |nhalation Toxicol ogy Research Institute
and F. W Bruenger, University of Utah) in juvenile and mature beagl e
dogs is being studied. Influence of age at the time of exposure is the
focus of the studies. Studies by Miggenburg include single and multiple
exposure of rats, Syrian hansters, and mice to plutonium 239 dioxide
aerosols simlar to hunman exposure.
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J.H Diel (Inhalation Toxicology Research Institute) has been
studying health effects in |aboratory animals foll ow ng repeated
exposure to insoluble plutoniumover a long fraction of their lifetine.
Si ngl e exposures at conparabl e radiation dose | evels are included for
conpari son. Experinments using rats and dogs are still in progress.
wher eas experinments using mce and hansters have been conpl et ed.

The effects of inhaled plutonium239 nitrate (G E. Dagle, Pacific
Nort hwest Laboratories), or plutonium 239 dioxide or plutonium 238
di oxi de (J.F. Park, Pacific Northwest Laboratory), on |ifespan have been
under investigation in beagle dogs. The current investigation by Dagle
i nvol ves determning the interrelationship of |ung cancer, bone cancer,
and noncancerous |esions in dogs exposed to |ow | evel s of plutonium
Park is continuing to investigate the nechani snms of |ynph node danage
and | ynphopenia in these animals. The role of oncogenes in plutonium nduced
cancers will be exam ned in both studies by Dagle and Park
Furthernmore, ME. Frazier (Pacific Northwest Laboratory) is studying
whet her oncogenes are activated in plutoniuminduced |ung cancer or
whet her oncogene activation is a cause or an effect of cancer
devel oprent .

An extensive investigation of the effects of lifetinme inhalation of
| ow-| evel s of plutoni um 239 dioxide (5x10” to 1.9x10° pG (1.9x10' to
7.0x10° Bq) initial alveolar depositions] in rats is in progress by C. L.
Sanders (Pacific Northwest Laboratory).

Anmong the few studies in progress pertaining to plutonium
genotoxicity is the investigation of heritable plutoniuminduced gene
nmut ati ons, chronosone aberrations, and domi nant |ethal nutations in mce
(P.B. Sel by, Cak Ridge National Laboratory). P.G Kale at Hanpton
University is studying the genetic effects of plutoniumin Drosophila.
Speci al enphasis will be placed on the dose-response relationship in
predi cti ng consequences of | ow | evel plutonium exposures.

Current studies by S.E. Dietert at Hanford Environnental Health
Foundati on focus on elucidating the biokinetics and dosinmetry of
pl utonium and rel ated el enents in humans. The study i ncl udes
determ ning the distribution and concentration of transuranic el enents
in man by radi ochem cal anal ysis of donated autopsy tissues from
occupational |y exposed individuals. The uptake and distribution
patterns of plutoniumand other actinides in humans are being studi ed by
J.F. Mclnory (Los Al anps National Laboratory). N P. Singh at the
Uni versity of Utah is studying the biological half-lives of plutoniumin
liver and bone of the general population of northern Ut ah.

MF. Sullivan at Pacific Northwest Laboratory is investigating the
transfer factors involved in the absorption of plutoniumin aninmls and
ot her actinides across the gastrointestinal tract under conditions that
may be experienced by humans (such as the oxidation state of plutonium
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fasting, high acidity, iron and cal ciumdeficiency). Plutonium
gastrointestinal tract absorption is being studied in three baboons in
order to obtain information on possible human gastrointestinal tract
absorption of plutonium (MH Battacharyya, Argonne Nati onal
Laboratory).

R G Cuddi hy at I|nhal ati on Toxi col ogy Research Institute is
studying the mechani sns involved in the deposition and cl earance of
i nhal ed plutoniumin the respiratory tract of rats and other aninmals.

E. Shek (Pharmatec) is investigating nmethods for inproving
gastrointestinal tract absorption of orally adm nistered chel ating
agents, which bind netals such as plutoniumand facilitate excretion
fromthe body. New actinide-chel ati ng agents produced by m croorgani sns
are being tested by P.W Durbin at Lawence Berkeley Laboratory. It is
assumed that these agents bind plutonium(lV) and enhance its excretion.
Anot her study by Durbin includes the devel opment of metabolic nodels for
pl ut oni um and ot her radionuclides in order to verify and/or nodify
nmet abol i ¢ nodel s currently recomended by the International Commi ssion
on Radiation Protection (ICRP) for these radi oel enents.

S.C. Mller (University of Uah) is determning the |ocalization
and distribution of plutonium 239 and other actinides in tissue,
cellular, and subcellul ar conpartnments of the gonads (testes and
ovaries) in different species and in hunan tissue.

RE Filipy (Pacific Northwest Laboratory) is continuing the
i nvestigation of the effects of cigarette snoke on rats and dogs exposed
to plutoniumas conpared to sham exposed animals or those exposed to
pl ut oni um al one. The findings of the study will contribute to the
under standi ng of the potential health effects of inhaled plutonium anong
the cigarette-snoking popul ati on.
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3.1 CHEM CAL | DENTITY

The chenical formula and identification nunbers for plutoniumare
listed in Table 3-1.

3.2 PHYSI CAL AND CHEM CAL PROPERTI ES

| nportant physical and chenical properties of plutoniumand its
conpounds are listed in Table 3-2. There are 15 known i sotopes of
pl ut oni um whi ch have atom c wei ghts ranging from 232 to 246. O these.
only plutoniumisotopes 236 to 243 are of particul ar biological interest
either as a result of their production in nuclear processes or because
of other uses (Nenot and Stather 1979). Therefore, only these isotopes
are listed in the tables. The radiol ogi cal properties for plutonium
i sotopes are presented in Table 3-3. Decay schenmes for plutonium 239
and plutonium 241 are given in Figure 3-1 and Figure 3-2.

Plutoniumis a very reactive netal and oxidizes readily in noist
air. In finely divided form plutoniumnetal is pyrophoric (Tayl or
1973). Plutonium exhibits five oxidation states fromplutoniun(lll) to
pl utoni um(VI1). The four |ower oxidation states are stable in solution
and may co-exist in the same solution. Conplex (coordination) conmpounds
are formed with many of the common inorganic anions, such as plutonium
nitrate (Pu(NQ),).

A | arge nunber of plutoni um conpounds have been prepared in the
solid state. Plutoniumnetal is attacked by all common gases at
el evated tenperatures; thus amoni a and nitrogen formnitrides, hydrogen
forms hydrides, the hal ogens and gaseous hal ogen aci ds produce hali des,
carbon nonoxi de forns carbi des, and carbon di oxi de produces carbi des and
di oxi des (Cl eveland 1970). An in-depth review of the chem stry of
pl utoniumand its conmpounds is given in Ceveland (1970).



TABLE 3-1.

Chemical Identity of Flutonium and Selected Plutonium Compounds®

Value
Plutonium Plutonium Plutonium Plutonium Plutonium
Property Plutonjium Dioxide Nitride Hexafluoride Oxalate Tetrafluoride
Chemical name Plutonium Plutonium Plutonium Plutonium Plutonium Plutonium
dioxide nitride hexafluoride oxalate tetrafluoride
Isotopes Plutonium-236 No data No data No data No data No data
Plutonjum-237
Plutonium-238
Plutonium-239
Plutonium-240
Plutonium-241
Plutonium-242
Plutonium-243
Trade names® Plutonium metal Oxide Nitride Halide Oxalate Halide
complex
Chemical formula Pu Pu0, PuN PuFg Pu(C,0,3,° PuF,
6H,0
Chemical structure No data No data No data No data No data No data
Identification numbers:
CAS Registry®© 7440-07-5 No data No data No data No data No data
NIOSH RTECS No data No data No data No data No data No data
EPA Hazardous
Waste No data No data No data No data No data No data
OHM/TADS No data No data No data No data No data No dats
DOT /UN/NA/1MCOd
Shipping UN 2918 No data No data No data No data No data
HSDB No data No data No data No data No data No data
NCI No data No data No data No data No data No data

CAS = Chemical Abstract Service

DOT/UN/NA/IMCO = Department of Transportation/United Nations/North America/International Maritime Dangerous Goods Coda

EPA = Environmental Protection Agency
HSDB = Hazardous Substance Data Base
NCI = National Cancer Institute

NIOSH = National Institute for Occupational Safety and Health
OHM/TADS = 0Oil and Hazardous Materials/Technical Assistance Data System

RTECS = Registry of Toxic Effects of Chemical Substances

8Source: Weast 1980, unless otherwise stated.
bTrade names were obtained from Taylor 1973.

€CAS Registry number obtained from Windholz 1%83.

4pOT identification number obtained from 49 CFR 172.101 1988.
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TABLE 3-2. Physical and Chemical Properties of Plutonium and Selected Plutonitss Coepounds®

Value
Plutonium Flutonium Plutonium Plutonium Plutonium
Property Plutonium Dioxide Nitride Hexafluoride Oxalate Tetrafluoride
Molecular weight 242.00 274,00 256.01 355.99 526.13 317.99
Color Silver-white Yellowish- Black Reddish- Yellowish- Pale brown
green brown green

Physical stateP Metal Solid Hard solid Solid Solid Solid
Melting point, °C 639.5 2200-2400 No data 50.75 No data No data
Boiling point, °C 3232 No data No data 62.3 No data No data
Density at 20°C 19.84 11.46 14.25 No data Ko data 7.0
Odor Odorless No data No data No data Ro data No data
Odor threshold:

Water No data No data No data No data No data No data

Air No data No data No data No data No data No data
Solubility:®

Water at 20°C No data No data Hydrolized Decomposes Insoluble Insoluble

in cold in cold in water in water
water water

Organic solvents No data No data No data No data No data No data
Partition coefficients:

Log octanol/water No data No data No data No data No data Ro data

Log Koc No data No data No data No data No data No data
Vapor pressure No data No data No data No data No data No data
Henry's law constant No data No data No data No data No datsa No data
Autoignition

temperature No data No data No data No date No data No data
Flashpoint No data No data No data No data No data No data
Flammability limits No data No data No data No data No data No data
Valence state +3,44 45,46 ,+7 Ro data No data No data No data No data

€

18

2Source: Weast 1980, unless otherwise noted.
bThe physical state for all compounds and the solubility for PuF, were obtained from Taylor (1973).
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TABLE 3-3 Radiological Properties of Plutonium Isotopes®

Specific

Half-life Decay Modes Decay Activity

Isotope (years) and Energy® (Mev) Product® (uCi)/pgm)

236py 2.85 a, 5.75 Uranium-232 5.32x108
SF, 5.722

237py 0.125 EC, 0.22 Uranium-233 1.21x10!%°

238py 87.8 o, 5.46 Uranium-234 1.71x107
SF, 5.456

239py 24,390.0 a, 5.243 Uranium-235 6.13x10%

240py 6,537.0 @, 5.255 Uranium-236 2.28x10°
SF, 5.123

241py 15.02 R, 0.0208 Americium-241 9.90x10’

282py 387,000.0 a, 4.89 Uranium-238 3.82x10°

243py 56,600.0 R, 0.59 Americium-243 2.60x1012

SF = Spontaneous Fission
EC = Electron Capture

aSource: Nenot and Stather (1979), unless otherwise stated.

bSpontaneous fission and electron capture energies obtained from Weast (1980).

‘Decay product information derived from Walker et al. (1977).
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3. CHEMICAL AND PHYSICAL INFORMATION
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Figure 3-1. Plutonium-239 Decay Series
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3. CHEMICAL AND PHYSICAL INFORMATION
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4.1 PRODUCTI ON

Plutoniumexists in trace quantities in naturally occurring uranium
ores (Weast 1980). Plutoniumis produced by the bonbardnment of uranium
wi th neutrons. The nobst inportant isotope, plutonium?239, is produced
in large quantities fromnatural uraniumin nuclear reactors (Wast
1980). Pl utonium 240, -241, and -242 are produced from successive
absorption of neutrons by the plutonium 239 atonms. The successive
absorption of two neutrons rather than one by uranium|leads to the
production of plutonium 238. Plutonium 237 is usually produced by the
hel i umion bonbardment of urani um 235.

During neutron bonbardnent of plutonium 239 and -241, fission
occurs in addition to neutron capture. Wth plutonium 239 about 70%
undergoes fission, while the remainder is transnmuted to pl utoni um 240.
Wth plutonium 241, 20% undergoes fission and the remainder is
transnuted to plutonium 242 (Choppin and Rydberg 1980).

The plutoniumin spent uraniumfuel fromlight water reactors (LWR)
is 56% pl utoni um 239, 26% pl ut oni um 240, 12% pl ut oni um 241, 5%
pl ut oni um 242, and 1% pl ut oni um 238 (Choppi n and Rydberg 1980). This
conmposition will vary with other types of reactor fuel, but this type is
the nost comon in reactors operating in the United States.

As of 1980, the world' s nucl ear power reactors were produci ng nore
t han 20,000 kg of plutonium per year (Wast 1980). In addition to
these, the United States Departnent of Energy (DOE) has operated nuclear
reactors to produce nuclear materials for the nation's defense program
These include plants at Savannah River, South Carolina, and the Hanford
Wrks in Richland, Washington.

4.2 | MPORT

There is no information on the inportation of plutonium However,
smal |l quantities of nonweapon pl utoni um have been produced at the Atonic
Energy Conmi ssion's (now Departnment of Energy) production reactors for
foreign sales (Liverman et al. 1974).

4.3 USE

The majority of the plutonium in the formof plutonium?239, is
used as an ingredient in nuclear weapons. As a result of the
at nospheric testing of these weapons during the 1950s, pl utonium has
been di spersed t hroughout the atnosphere. An estimted 400 kC
(1.5%x10* Bq) pl utoni um 239 and -240 were produced during weapons
testing, of which approximtely 325 kG (1.2x10" Bg) was gl obally
di spersed (Bennett 1976a). Four hundred kG of plutonium 239 weighs
approxi mately 4,600 kg. Approxi mately 100,000 kG (3.7x10" Bq)
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pl ut oni um have been di spersed within our environnment from about 400
nucl ear expl osive tests, including those by the United States, G eat
Britain, and the Soviet Union between 1945 and 1963 (Facer 1980).

The nucl ear reactors at the Richland and Savannah River plants were
built to produce nuclear materials for the nation's defense program
The anounts of plutoniuminvolved in the weapons program are necessarily
cl assified.

Pl utonium 238 is used as a heat source in therno-electric power
devi ces, such as have been enpl oyed on various satellites and had been
proposed for powering artificial hearts (Bair and Thonpson 1974). The
estimated total quantity of plutonium238 required for these
applications through the year 2000 ranges from25 to 75 kg (430 to 1, 300
kCQ; 1.6x10" to 4.8x10"™ Bqg) (Liverman et al. 1974).

4.4 DI SPOSAL

Plutoniumis considered a transurani um (having an atom ¢ nunber
greater than that of uranium elenment. It has a very long radiolcgica
half-l1ife (86 and 24,000 years for plutonium 238 and -239,
respectively), and, therefore, the radioactivity dimnishes very slowy.
Spent nuclear fuel is not reprocessed in the United States at the
present tinme, and the fuel nust be disposed of intact (Lamarsh 1983).
The usual nethod of disposal has been to place the fuel in suitable
containers and bury themin a waste repository. Prior to 1970 solid
wast es contai ning radi oactive wastes generated by nucl ear power plants
were buried at commercial waste sites |ocated at Sheffield, Illinois;
Beatty, Nevada; Morehead, Kentucky; Richland, Washi ngton; and West
Val | ey, New York. As of 1974, approximately 80 kg of plutonium was
contained in this waste (Daly and Kl uk 1975).

At present, radioactive wastes are being held at the DCE facilities
i ncluding those in R chland, Washi ngton, Savannah River, South Carolina,
and at other reactor sites. These transuranic wastes are stored either
above ground or in shallow burial pits. Neither of these nethods are
i ntended as | ong-term storage sol utions.
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5.1 OVERVI EW

Plutoniumis a radi oactive el enent produced by neutron capture and
beta decay of uranium 238 (or other elenents), both naturally (in
m nuscul e anpbunts) and as a result of human activities. Plutoniumis
found in the environment in the formof several isotopes. The source of
pl ut oni um can be traced based on the isotope or isotopes detected in a
sanple. Plutoniumis found naturally in uraniumrich ores in
concentrations of one part per 1Or parts uranium (i.e., 1x10" kg
p! ut oni unm kg urani un) (Leonard 1980).

The principal plutoniumisotopes used in conmerce and by the
mlitary are plutonium 238 and pl utonium 239. These two i sotopes are
used because of their ease of production and their relatively long halflives.
Pl utonium 238 is used in thernoel ectric generation systens in
spacecraft, cardi ac pacemakers, and other power sources (Harley 1980;
NEA/ OECD 1981). Pl utonium 239 and -240 are produced in nucl ear power
plants as a product of nuclear fission as well as in production
facilities for use in nuclear weapons.

Possi bl e sources of plutoniumto the environnment include: weapons
testing, accidents involving weapons transport, nuclear reactors and
radi oi sot ope generators, fuel processing and reprocessing, and fuel
transport (NEA/ CECD 1981). Plutonium 239 is generated in irradiated
urani um fuel when neutrons are captured by uranium 238 nucl ei. Sone of
the plutonium 239 is consumed during the operation of the reactor.
Producti on of plutonium by nucl ear reactors generating electricity and
by weapons production was estimted at 3.8x10° kg in 1978 (NEA/ OECD
1981).

At nospheric testing of nuclear weapons has been the main source of
pl ut oni um di spersed in the environnment. Accidents and routine rel eases
from weapons production facilities are the primary sources of |ocalized
contam nation. Consuner and nedi cal devices containing plutoniumare
seal ed and are not likely to be environnental sources of plutonium (WHO
1983). Plutoniumrel eased to the atnosphere reaches the earth's surface
t hrough wet and dry deposition to the soil and surface water. Once in
these media, plutoniumcan sorb to soil and sedi nent particles or
bi oaccunmul ate in terrestrial and aquatic food chai ns.

According to the NPL database (VIEW 1989), plutonium has been
identified above background | evels at five NPL sites. Plutonium 238 has
been identified at three of these sites, plutonium?239 at five sites,
and plutonium 240 at one site. The frequency of these sites within the
United States can be seen in Figure 5-I
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5.2 RELEASES TO THE ENVI RONVENT
5.2.1 Ar

Ant hr opogeni ¢ (nan-made) rel eases of plutoniumare the primary
sources of plutoniumto the atnosphere. Atnospheric testing, fires
i nvol ving plutoniumcontaining materials, and routine rel eases due to
normal activities at processing and generating plants are all potenti al
sources of airborne plutonium Resuspension of plutoniumsorbed to
contam nated surface soils via fugitive dust em ssions is an indirect
pat hway by whi ch plutoniummy be re-released into the atnobsphere
(Harl ey 1980).

Pl ut oni umrel eased during nucl ear weapons testing is the | argest
source of plutonium 239 and -240 in the environnent (Harley 1980).
Approxi mately 320 kG (1.2x10" Bg) of plutonium 239, -240 and 9 kG
(3.3x10" Bg) of plutonium 238 have been rel eased to the at mosphere by
nucl ear tests and distributed worl dwi de (Ei senbud 1987). Concentrations
of transuranics introduced into the environnment through underground test
venting, accidents involving United States nuclear weapons, and rel eases
during weapon production operations have been negligible in conparison
with those rel eased during atnospheric testing of nuclear explosives in
t he 1960s (Facer 1980).

In April, 1964, a Transit Navigational Satellite was |aunched in
California with a payload that included a Satellite for a Nucl ear
Auxiliary Power Generator (SNAP-9A) containing 17 kG (6.3x10" Bq) of
pl ut oni um 238. The rocket systemfailed and the satellite reentered the
at nosphere in the Southern Heni sphere and burned over the Indian Ocean
at an altitude of about 50 km (Harley 1980). The destruction of the
SNAP-9A resulted in the |argest single release of plutonium238 to the
at nosphere, primarily in the formof very small oxide particles (Harley
1980) .

Research facilities and plants have al so rel eased plutoniumto the
at nrosphere. For exanPIe, the Mound Plant in M anisburg, Onhio, rel eased
about 0.03 kCi (1x10°Bqg) to the atnosphere fromthe beginning of its
operation through 1976 (NEA/ CECD 1981). A conmercially operated
reprocessing plant in Wst Valley, New York, has reportedly rel eased
0. 000005 kG (1.7x10°Bg) to the atnosphere over the course of 6 years
( NEA/ OECD 1981) .

5.2.2 Water

Fal | out from atnospheri c weapons testing, accidents involving
nucl ear weapons, planned as well as accidental reactor effluent
rel eases, and di sposal of radioactive wastes are all means by which
pl ut oni um can be introduced into water systens (Harley 1980; NEA/ CECD
1981). In a typical 1,000 negawatt electric (MA) |ight water reactor
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in a nucl ear power plant about 200 kg of plutonium][equivalent to 13 kCi
(4.8x10" Bq); one curie of plutonium239 - 16g] are generated per year
of operation in the spent fuel (NEA/ OECD 1981; Facer 1980).

Cont am nat ed cool i ng wat er contai ni ng plutoniumfrom nucl ear production
facilities may have been discharged into oceans or rivers. If release
occurs fromwaste containers, buried radi oactive wastes may mgrate or
seep into groundwater (NEA/ OECD 1981). As an exanpl e of pl ant

em ssions, the Mound Plant in M am sburg, Chio, discharged a total of
about 0.0005 kG (1.9x10"Bqg) plutonium?238 into a river near the site
fromthe beginning of its operation through 1976 (NEA/ OECD 1981).

In January, 1968, while attenpting to nake an energency | anding, a
United States mlitary aircraft with four nucl ear weapons on board
crashed in Thule, Geenland. The inpact resulted in detonation of the
hi gh explosives in all four nuclear weapons aboard. The oxi di zed
pl ut oni um was di spersed by both the explosion and the fire involving the
fuel in the jet (Harley 1980). Amounts of plutoniumrel eased to the air
in this accident have been estimated at 0.024 kG (9x10" Bqg) of
i nsol ubl e pl ut oni um (NEA/ OCECD 1981). . The maxi num concentrati on of
pl utoniumin ocean sedinents was found 1 kmfromthe point of inpact.
The sedi nment - bound pl utoniumwas found to migrate both dowward in the
sedi ment colum and horizontally fromthe point of inpact. The
concentrations decreased with distance fromthe point of inpact.

Sedi nents can act as both a repository for and a source of
wat er bor ne plutonium Atnospheric fallout reaching surface water can
settle in the sedinents. The plutoniumin the ocean sedinents at Bikini
Atoll, for exanple, was found to be resuspended and rel eased to the
bottomwaters (Schell et al. 1980). In a freshwater waste pond at the
Hanford reactor, plutoniumwas found to be bound to the sedi nents and
was not available for uptake by plants or animals in the pond (Enery et
al. 1980). The difference between the observations in the two
ecosystens may be due to the dynanic nature of the ocean water near
Bi kini Atoll versus the relatively static nature of a waste water pond.

5.2.3 Soi

Pl ut oni um has been detected in extrenely snmall anounts as a
naturally occurring constituent of some ninerals and ores. Urani um and
thorium ores in Canadi an pitchbl ende, Bel gi um Congo pitchbl ende,

Col orado pitchbl ende, Brazilian nonazite, and North Carolina nonazite
have been found to contain plutonium 244 at a weight ratio of up to
9.1x10"* kg pl utonium kg ore (Leonard 1980).

Soils may becone contam nated fromfall out associated with nuclear
weapons tests, such as those conducted at the Trinity Site in southern
New Mexico, the Pacific Proving Ground at the Enewetak Atoll, and the
Nevada Test Site or with accidental, non-nuclear detonation of nuclear
weapons, such as occurred at Pal omares, Spain. Research facilities,
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such as the Los Al anbs National Laboratory, Los Al anps, New Mexico, my
rel ease treated radi oacti ve wastes under controlled conditions.
Production facilities, such as the Hanford and Savannah Ri ver Plants and
experinmental reactor stations, for exanple, the Idaho Nati onal

Engi neering Laboratory, Idaho Falls, |daho, also released treated

pl ut oni um bearing radi oactive wastes under controlled conditions to

soi ls (Hanson 1975).

At nospheric weapons testing fallout has been a gl obal source of
transuranics, including plutonium in soils (Harley 1980; NEA/ CECD
1981). It has been estimated that approximately 100 kG (3. 7x10" Bq)
of plutoniumfrom weapons have been distributed globally from al
testing sources and could be environnmentally available. O that anount,
approximately 1.0 to 10 kG (3.7x10"to 3.7x10* Bq) were deposited on
test site surface soils in the United States (Facer 1980).

Several of the major nuclear facilities in the United States use
p! ut oni um and sone of these have rel eased plutoniumto the environment.
These rel eases have taken place at renote sites and generally have not
been neasurabl e outside the plant property. Approximtely 0.002 kC
(7.4x10" Bg) of plutonium have been disposed in the Los A anps Nati onal
Laboratory canyon waste di sposal sites (Harley 1980). The Savannah
River Plant, A ken, South Carolina, has released a total of 0.005 kG
(1.6x10" Bg) of plutoniumto local soil (Harley 1980). Leakage of
stored waste rel eased between 0.01 and 0.1 kG (3.7x10" and 3. 7x10" Bq)
of plutoniumto the soil over a period of several years at the Rocky
Flats facility, Colden, Colorado (Facer 1980). A break in a waste
transfer line caused the rel ease of about 0.3 kG (1.1x10"Bqg) of
pl utoni um 238 at the Mound Plant, M am sburg, GChio, in 1969 (Facer
1980) .

Afire on May 11, 1969, occurred at the plutonium processing
facility at Rocky Flats, Colden, Colorado. Subsequently, a study of the
pl utonium content in off-site soils was perforned. The results of the
study indicated that the plutoniumfound off-site was due, primarily, to
smal |l emi ssions fromthe facility rather than to the fire, and that a
total of 0.003 kG (9.6x10" Bqg) of plutoniumwas deposited in soils
wthin a7 mle radius fromthe facility (E senbud 1987).

Anot her source of soil contanination at Rocky Flats was the | eakage
of plutonium contam nated oil. Plutoniumwas present as the dioxide
when it was rel eased. The di oxi de was then adsorbed to the soil.
Fugi tive dust eni ssions caused plutoniumcontam nated soil to be
distributed away fromthe spill. Mst of the plutoniumremrmained on the
surface, although sone was rel eased and migrated downward through the
soil colum (Little and Wi cker 1978).

A United States mlitary aircraft carrying four nuclear bonbs
collided with a tanker aircraft during refueling in Palonares, Spain, in
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January, 1966. The bonbs broke free of the airplane and the high

expl osive in two of the weapons detonated when the bonmbs hit the ground.
Initial surveys showed that 0.00003 G piutoniumnf (1.2x10° Bg/nf), in
the formof a finely powdered dioxide, were spread over 2 hectares

(20, 000 nf) (Harley 1980).

5.3 ENVI RONMENTAL FATE
5.3.1 Transport and Partitioning

Pl utoniumenters the environnent primarily through rel eases to the
at mosphere or direct discharge to ponds, streans, or oceans. Em ssions
to the atnosphere will result in plutoniumfallout. In the case of
weapons testing, approximately one-fifth of the plutoniumrel eased falls
on the test site (Harley 1980). The rest is carried in the atnosphere,
adsorbed to particulate matter and is transported back to earth via dry
or wet deposition. Once plutoniumis deposited either on the [ and or
surface water, sorption to soils or sedinents is the primry
environnmental fate of plutonium A snmall fraction of plutoniumreaching
the soil will becone solubilized either through chem cal or biologica
processes, depending upon its chemical form In soluble form plutonium
can either mgrate in groundwater or surface water or be available for
upt ake into plants.

At nospheric rel eases of plutoniumoccur as a result of nuclear
weapons testing or routine or nonroutine nuclear reactor operations and
fuel reprocessing. The rate at which plutoniumis renoved fromthe

atnosphere wi |l depend on the chem cal and physical properties of
particles to which it is adsorbed, as well as the neteorol ogica
conditions. The larger the particles, the faster fallout will occur.

The particle size expected to be released fromeither of the above
menti oned sources ranges from0.3 pmto 1.1 pm Based on conputer
nodel i ng, these particles are expected to reach the earth's surface
within 60 days of their release (NEA/ OECD 1981). The gl obal fall out
rate of plutonium 238, predonminantly fromthe SNAP-9 accident, as
determ ned by Harley (1980), is 0.002 pG/nf/day (7.4x10° Bg/ nf/ day)
based on plutoniumlevels neasured in surface soils. The gl obal
deposition rate of plutonium 239 and pl utonium 240 conbined is equal to
0.03 pCi/ni/day (1.1x10° Bg/ni/day) (Corey et al. 1982).

Pl ut oni um deposited on soil surfaces may be resuspended in the
at mosphere especially in areas that have |l ow soil noisture |evels, such
as the Nevada Test Site. In drier areas, the |evels of anbient airborne
dust are expected to be higher than in areas with normal rainfall
(Harl ey 1980). The hi ghest concentrations of plutoniumare likely to be
found in the fine silt-clay particle size range. Particles of this size
tend to be transported the farthest distance by wind and water (WHO
1983) .



93
5. POTENTI AL FOR HUMAN EXPOSURE

The transport and partitioning of plutoniumin soils depends on the
form of the conpound. The solubility of plutonium depends on the
properties of the soil, the presence of organic and inorganic conpl exing,
agents, the formof plutoniumthat enters the soil environment, and the
presence of soil microorganisns (Bell and Bates 1988; Kabata-Pendi as and
Pendi as 1984; WHO 1983; W/ dung and Garland 1980). Pl utonium fall out
fromthe atnosphere, for exanple, tends to be deposited primarily as the
i nsol ubl e di oxide (Harley 1980; WIldung et al. 1987). The nmjority of
plutoniumremains within the top few centineters of the soil surface as
t he dioxide form (WHO 1983). M croorgani sns can change the oxi dation
state of plutonium thereby either increasing or decreasing its
solubility.

Plutoniumw Il migrate in soils as the hydrolyzed ion or as a
conmpl ex, forned with organic or inorganic acids. Mewhinney et al.
(1987b) found that particles subjected to wetting and drying, such as
t hose found on the soil surface, released nore plutoniumthan soils
continually imersed in a solvent, such as that found in | akes. This
phenonmenon is attributed to the formation of a sol uble dioxide | ayer on
the particle's surface during the drying phase. Soil organi snms have
al so been found to enhance the solubility of plutonium (WIdung et al.
1987). Once plutoniumenters the soluble phase, it then becones
avai |l abl e for uptake by plants. The plutoniun(lV) oxidation state is
found in plants due to its ability to hydrolyze in the environnent
(Garland et al. 1981, 1987). Cataldo et al. (1987) postul ate that
reduction of the higher oxidation states, such as plutoniunmVl), occurs
prior to absorption/transport across the root nenbrane.

The behavior of plutoniumin surface waters is dependent upon the
oxi dation state and the nature of the suspended solids and sedi nents.
Plutonium(I11) and plutonium V) are considered to be the reduced forns
of plutoniumwhile plutoniumV) and plutoniun(Vl) are the oxidized
forns. The oxidized fornms of plutoniumare found in natural waters when
the concentrations of dissolved organic matter or dissolved solids are
|l ow (Nelson et al. 1987). Humic materials (naturally occurring organic
acids) were found to reduce plutonium(V) to plutoniumlV) in sea water
This was foll owed by adsorption of plutonium(lV) onto iron dioxi des and
deposition into the sedinents (Choppin and Morse 1987).

The partitioning of plutoniumfromsurface water to sedinents in
freshwater and marine environnments depends on the equilibrium between
pl utoni un(1V) and plutoniunmV), and the interaction between
plutoniun(1V) in solution and pl utoni um sorbed onto sedi nent particle
surfaces (NCRP 1984). Sorption onto marine clays was found to be
largely irreversible (H ggo and Rees 1986). Hi ggo and Rees (1986) al so
found that the initial sorption of plutoniumonto clays was effective in
renovi ng nost of the plutonium species that would be able to sorb onto
the clay. Wen sorption to carbonate mari ne sedi ments was investi gated,
it was found that sonme desorption fromthe surface would al so occur.
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Thi s behavior was due to the presence of pl utonium carbonate conpl exes
on the sedinent surfaces which were sorbed | ess strongly than pl utonium
di oxi de conpl exes (H ggo and Rees 1986). In fact, the formation of

p! ut oni um conpl exes with organi ¢ carbon causes plutoniumto remain in
solution as a conplex (NCRP 1984).

Pl ut oni um can be taken up fromvarious environnmental nedia into
pl ants and ani mals. The hi ghest concentrations of plutoniumin plants
are found in the roots where plutoniumis present as a surface-absorbed
pl ut oni um conpl ex, a stabilized conplex, or as a sol uble plutonium
complex (Garland et al. 1981). The concentration of plutoniumin soi
can be conpared with the concentration in plants to determ ne what
fraction present in soil reaches the plant. Soil to plant concentration
rati os of 1x10° to 2.5x10" plutoniumin wet vegetation/plutoniumin dry
soi |l have been cal cul ated based on radi oi sotope experinents in plants
grown in controlled environments. The stens and | eaves have | ower
overal |l concentrations of plutoniumthan the roots, but higher
concentrations of soluble plutonium The seeds were found to have | ow
concentrations of plutonium which indicated that plutoniumwas not very
mobile in plants (Cataldo et al. 1987). In studies on orange trees,
Pi nder et al. (1987) found that plutonium 238 was deposited on the |eaf
or soil surface, remmined there, and that no neasurabl e quantities were
transferred to the fruits. Gain crops grown near the Savannah River
Pl ant, Ai ken, South Carolina, were found to contain higher
concentrations of plutoniumthe closer to the facility they were grown.
During harvesting, plutoniumfromsoils or straw was resuspended and
m xed with the crop. Plutoniumin vegetable crops grown at Gak Ridge
Nati onal Laboratory, Oak Ri dge, Tennessee, contained higher plutonium
concentrations in the foliage biomass than in the fruit. Peeling of
pot at oes and beets renoved 99% of the residual plutonium (Adriano et al
1980) .

Plutoniumtransferred fromsoil or plants to grazing herbivores was
predom nantly associated with the animal's pelt and gastrointestinal
tract (Hakonson and Nyhan 1980). Rodents studied near the Los Al anps
and Trinity sites in New Mexico support this claim Hakonson and Nyhan
(1980) found no evidence of bioconcentration through the food chain from
soil to plants to rodents. They concluded that soil was the source of
plutoniumin rodents. In contrast, a study by Sullivan et al. showed
that rodents absorbed nore plutonium 238 when it was incorporated into
alfalfa (by growing it in soil containing plutonium than when it was
adm nistered in the inorganic form (Sullivan et al. 1980). This study
suggests that plutoniumbound to organi ¢ conmpounds may have increased
availability. However, the authors indicate that further study is
needed.

Pl ut oni um was found to bi oaccunul ate in aquatic organi sns,
primarily at the |ower end of the food chain. The bioconcentration
factors (i.e., the anpbunt of the chem cal found in the organi smdivi ded
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by the concentration in the surrounding water over the sanme time period)
were 1,000 for nollusks and al gae, 100 for crustacea, and 10 for fish
(WHO 1983). Plutoniumis concentrated in the bones of fish rather than
in rmuscle tissues, as seen by whole fish to nuscle tissue ratios of
2x10° to 5x10° or 40:1 (NCRP 1984).

5.3.2 Transformati on and Degradati on

Plutoniumis formed and transnuted through radi oactive decay.
Three comon types of radioactive processes involve the rel ease of al pha
or beta particles or gamma rays. Al pha decay results in the rel ease of
an al pha particle, which is a charged particle enitted fromthe nucl eus
of an atom having a mass and charge equal in magnitude to a helium
nucleus (i.e., two protons and two neutrons). In al pha decay, the
atomi ¢ mass of the nuclide is reduced by four and the atomni c nunber by
two. For exampl e, plutonium 239 undergoes al pha decay.to form urani um
235.

Beta particles are charged particles emtted fromthe nucleus of an
atomwi th a mass and charge equal in magnitude to that of an el ectron
In beta decay reactions, as the electron is ejected, the nunber of
protons in the resulting atomincreases, changing the atom c nunber of
the atom but not the mass. For exanple, plutonium 241 undergoes beta
decay to form americium 241.

A gamma ray is short wavel ength el ectromagnetic radiation emtted
fromthe nucl eus. Nuclei which have undergone transnutati on by al pha or
beta decay or by capture of a neutron often return to the ground state
by enission of gamma radiation. Addition of a neutron changes the
atom c mass or isotope nunber of the elenment but not the atomic nunber,
as seen by the formation of plutonium 242 from pl utoni um 241.

The chemical transformation reactions plutoni um undergoes in the
environment are primarily oxidation and reduction reactions. There are
five oxidation states found in the environment. These are
plutoniun(li1), plutonium1V), plutoniumV), plutoniumVl), and
plutoniumVI1). The last, plutonium(VIl), is not conmmonly found and it
is only found under very al kaline conditions. The dom nant oxi dation
state of plutoniumin the environnent is plutonium(lV) (WIldung et al.
1987).

5.3.2.1 Ar

Pl ut oni um does not undergo transfornati on processes in the air

beyond those related to radioactive decay. Radi oactive decay will be

i mportant for the short-lived isotopes with half-lives |ess than the
average residence tine in the troposphere of approximately 60 days. For
exanpl e, plutonium 237 has a half-life of 46 days and undergoes el ectron
capture to form neptuni um 237 which has a half-life of 2.1x10° years
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(Nero 1979). Therefore, neptunium 237 may formin the stratosphere
prior to deposition of plutonium237 on the earth's surface as fallout.

5.3.2.2 Wat er

The inmportant chem cal transformation process in surface water is
the oxidation or reduction of plutonium In waters with | ow suspended
solids, plutoniumis generally found in oxidized forns, dissolved in the
water. In waters with high suspended solids, plutoniumis generally
reduced and sorbed onto either suspended solids or sedinents (Choppin
and Morse 1987; Hi ggo and Rees 1986; Nelson et al. 1987).

Pl ut oni um behaves differently than nmany other inorganic elenments il
that it can exist simultaneously in four oxidation states over a range
of pH val ues. Under acidic conditions, the nature of the conpl exing
i gands present in solution will influence the oxidation state of
pl utonium The presence of fulvic acid (a naturally occurring organic
acid) facilitates the reduction of plutoniunm(IV) to plutoniun(lll),
especially below pH 3.1. The reduction of the higher oxidation states
appears to be even | ess dependent on pH, especially below pH 6
(Bondietti et al. 1976).

5.3.2.3 Soi |

Pl utonium found in soils nay undergo the sane oxi dation/reduction
reactions described for surface waters in places where soil contacts
water. In addition to oxidation/reduction reactions, plutoniumcan
react with other ions in soil to form conpl exes. These conpl exes may
t hen be absorbed by roots and nove within plants; however, the relative
upt ake by plants is low In plants, the conplex can be degraded but the
elemental plutoniumw |l remain

5.4 LEVELS MONI TORED OR ESTI MATED I N THE ENVI RONVENT
5.4.1 Air

Tabl e 5-1 sunmarizes plutoniumlevels nmeasured in air at nine
different locations. Since 1945, when the first nucl ear weapon test at
Al ampgor do, New Mexi co, was conducted, approximately 360 kG (1.3x10%
Bg) of plutonium 239, -240 have been released into the atnosphere from
vari ous sources. The accidental burn up of the SNAP-9 satellite added
17 kG (6.3x10" Bg) to the higher altitudes of the atnosphere (Perkins
and Thomas 1980).

A 15-year study (1966 to 1980) in Pal omares, Spain, reported |levels
of plutoniumin air near the site of a crash between a United States
ilitary aircraft carrying four nuclear bonbs, and a tanker aircraft
following the cl eanup of the contam nated area (lranzo et al. 1987).

(0]
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TABLE 5-1. Plutonium Levels Detected in Air

Location Quantity Study Comments
[pCi/m® (Bg/m®))

Spain, weapon accident:

Urban area 1.5x107% (5.5x10°6) 239.280p, Iranzo et al. 1987 Average over 15
years
Near farm land 1.4x1073 (5.2x1075) 239.240p,
Savannah River Plant:
First year: 3.1x10°5 (1.2x10-6) 238py Corey et al. 1982  Cumulative concen-
1.5%x10°5 (4.3x10-7) 239,240p, trations over one-
Second year: 1.15x10°3 (5.6x10°5) 238py year time period
3.2x10°5 (1.2x10-6) 239.240p, (not an average)
Rocky Flats facility:
im 2.2x10-3 (8.1x10-5) 239,240p, Volchok et al. 1977 Average concentra-
1 km 4.6x107% (1.7x10-5) 239.240p, trations over 7
2.5 km 7.0x10°5 (2.6x10-6) 239,240p, years
New York City 3.4x10°5 (1.3x10-6) 239,240py, Volchok et al. 1977 Average concentra-
’ trations over 7
years
New York City 3.0x10-5 (1.1x10-6) 239py Hardy 1973 Typical radioactivi-
1.0x10°5 (3.7x10-7) 238py ty concentrations

in ground-level air
(no further specifi-
cation)




98

5. POTENTI AL FOR HUMAN EXPOSURE

Air sanpling conducted continuously for 2 years (1975 to 1977) near
the Savannah River Pl ant neasured the average yearly concentrations of
pl ut oni um 238 and of plutonium 239, -240. The data for the first and
second years of the study are presented in Table 5-1 (Corey et al.
1982). The data in Table 5-1 indicate that rel eases fromthe Savannah
River Plant and | evels detected in New York City (Hardy 1973) are on the
sane order of nmagnitude and are nuch | ower than those observed in
Pal omares, Spain, follow ng the cleanup of the weapon acci dent.
Continuous air sanpling in the vicinity of the Rocky Flats facility
near Denver was initiated in 1970. The data in Table 5-1 are from
| ocations 50 nmeters, 1 kiloneter, and 2.5 kmfromthe facility and are
arithnetic neans of data from sanpling years 1970 to 1976. For purposes
of conparison, sanpling data for New York City for the sane tine
interval are included. Data fromall four |ocations indicated declining
| evel s followi ng 1971 (Vol chok et al. 1977).

5.4.2 Wat er

Tabl e 5-2 presents plutoniumlevels detected in several surface
wat ers and groundwaters. The Pacific Ocean was sanpled for plutonium
and Northern Pacific concentrations were, on the average, greater than
t hose detected in the Southern Pacific for both plutonium 239, -240 and
pl ut oni um 238 (M yake and Sugi nura 1976). The pl utonium content of the
particulate matter in three South Carolina estuarine systens was
i nvestigated by Hayes et al. (1976). The Neuse and Newport River
estuaries received plutoniumonly through atnospheric fallout: the
Savannah River estuary received effluent fromthe Savannah Ri ver Plant.
Concentrations detected in the three estuaries are conparable. Raw
wat er sanples taken fromthree | ocations on the Savannah River were al so
found to contain levels conparable to the Savannah River estuary sanpl es
(Corey and Boni 1976). The estuarine and river concentrations were
greater than the Pacific surface water sanples, but were on the sane
order of magnitude as seawater sanples taken from Tronbay (Bonbay,
India) (Pillai and Mathew 1976). These results indicate that plutonium
is found throughout the gl obe but that the highest concentrations of
plutoniumin water are found near source areas.

The groundwat er at Enewetak Atoll and near the Idaho Nationa
Engi neering Laboratory disposal well were found to contain plutonium
239, plutonium 240 and pl utoni um 238, respectively (O evel and and Rees
1982; Noshkin et al. 1976). The isotope conposition differs in the two
areas (Table 5-2), and the levels detected in |Idaho were, on average,
| ower than those detected at Enewetak Atoll. The range of groundwater
concentrations at the Nevada Test Site was greater than the range
detected in either of the other two groundwaters (Gonzal ez 1988).
Rai nwat er sanpl es taken from Tronbay (Bonbay, India) in 1971 were
reported to contain plutonium 239 concentrations greater than those
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Plutonium Levels Detected in Water

Location

Quantity
pCi/L (Bq/L)

Reference

North Pacific surface water

South Pacific surface water

Enewetak, South Pacific:

Groundwater

Idaho National Engineering

Laboratory:

Groundwater

South Carolina:

Estuarian waters

River waters

Trombay, India:
Rainwater

New York City:
Drinking water

Nevada Test Site:
Groundwater

2.2x10"% to 9.4x10-4 238py g 239,240py

(8.2x10°6 to 3.5x10-5)

1.3x10°% to 3.4x10-4 238p, g 239,240p,

(4.8x10"6 to 1.3x10-5)

2.0x10°4 to 2.8x10-1 239,240p,
(7.4x107% to 1.0x10-2)

1.1x10-2 to 7.8x10-2 238py
(4.1x10-% to 2.9x10°3)

1.7x10°% to 2.5x10-3 239,240p,
(6.3x1076 to 9.4x10°5)

4.3x10°% to 2.3x10-3 239,240p,
(1.6x10°5 to 8.3x10°5)

8.2x10"2 (3.0x10-3) 239py
4x10-3 to 2x10-2 239py
(1.5%x10°% to 7.4x10°%)

8x10-5 to 6.1x10-% 239,240p,
(3.0x10°6 to 2.3x10-5)

4,2x1072 to 2.6 239y
(1.6x10"3 to 9.6x10°2)

Miyake and Sugimura 1976

Noshkin et al. 1976

Cleveland and Rees 1982

Hayes et al, 1976

Corey and Boni 1976

Pillai and Mathew 1976

Bogen et al. 1988

Gonzalez 1988
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detected in seawater fromthe sane area, as seen in Table 5-2 (Pillai
and Mat hew 1976) .

Pl ut oni um concentrations in the New York water supply measured
bet ween 1974 and 1979 showed a peak concentration of plutonium 239, -240
in the summer of 1974 which fell within the range of other surface
wat ers anal yzed (Table 5-2). The | ow concentration detected during the
foll owi ng autumm was bel ow t he concentrations detected in other waters
(Bogen et al. 1988).

5.4.3 Soil

Average fallout levels in soils in the tenperate United States are
about 2, 100, 000 pGi/knf (7.8x10* Bg/ knf) pl utoni um 239, -240 and 50, 000
pCi / knf (1.9x10° Bg/ knf) pl ut oni um 238 (Hanson 1975). Mean deposition
rates of stack-released plutonium 238 to soils around the Savannah Ri ver
Pl ant range from0.008 to 0.64 pCi/nf/day (3.0x10" to 2.4x10°?

Bg/ nf/ day) . The range for plutonium 239, -240 was found to be 0.027 to
0.36 pCi/nf/day (1.0x10° to 1.33x10° Bqg/ nf/day). The | ower

concentrations were neasured 9 kmfromthe plant and the higher
concentrations were neasured 0.23 kmfromthe plant (Corey et al. 1982).

Plutoniumlevels in soils at Rocky Flats, Colorado, were anal yzed
by Little and Whicker (1978). Plutoniumconcentrations in soil sanples
collected to a depth of 21 cm had pl utoni um concentrati ons ranging from
1,400 to 59,000 pG/kg (52 to 2,200 Bg/kg). A recent study on particle
size and radionuclide levels in Geat Britain soils reported plutonium
238 levels detected at a range of 200 to 18,000 pCi/kg (7.4 to 676
Bg/ kg) and plutonium 239, -240 |levels detected at a range of 800 to
83,000 pCi/kg (29.6 to 3,070 Bg/kg) (Livens and Baxter 1988). Core
sanpl es of surface soil at the Maxey Flats facility, where radi oactive
wastes were buried, were reported to contain a nean concentration of
1.9x10° pG/kg (67 Bg/kg) of plutonium 238 and 22,000 pGi/kg (8 Bg/kg)
of plutonium 239 and pl utoni um 240 ( NEA/ OECD 1981).

Pl ut oni um concentrations found in Lake M chigan sedinents were
reported to range from35 to 250 pG/kg dry sediment (9.5x10* to
6.8x10* Bqg/kg) (Edgington et al. 1976). It was estimated in this
report that radioactivity in the sedinments was confined to the upper 6
cmof the sedinents, and in many of the core sanples, no radioactivity
was detected below a depth of 3 cm

5.4. 4 O her Medi a

A 1972 study on plutoniumlevels in the diet reported
concentrations of plutonium239, -240 ranging from <2x10' pCi/g
(<7.4x10° Bg/g) for canned fruit to 1.1x10"* pG/g (4.1x10° Bg/g) in
shell fish (Bennett 1976b). O the shellfish sanpled in this report
(clams and shrinp), clans showed eight tines the |evels of plutonium
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found in shrinp. Fish and shellfish sanpled in the Wndscal e and
hbrtheast areas of the Irish Sea were reported to contain between
2.0x10“pCi/g (7.4x10° Bg/g) (herring nuscle) and 2 pCi/g (0.074 Bqg/ Q)
(soft parts of mnussel) (Hetherington et al. 1976).

5.5 GENERAL POPULATI ON AND OCCUPATI ONAL EXPOSURE

Dai ly ingestion of plutonium 239, -240 in food in Japan between
1978 and 1980 due to atnospheric fallout was estimated to be 0.0045
pCi/day (1.7x10"* Bg/day) (Hi samatsu et al. 1987). In 1974, the nean
i ntake of plutoniumin New York City from all sour ces |nclud|ng tap
wat er was reported to be 0.0044 pGC/day (1.6x10°Bqg/day) (Bogen et al.
1988). This sanme value was reported for daily intakes of plutoniumin
Italy from 1975 to 1978 (Bennett 1976b). Ingested plutoniumis poorly
absorbed fromthe gastrointestinal tract, although the form of plutonium
wi Il influence absorption (I CRP 1982).

The isotope of plutoniuminhaled will affect its behavior in the
body. The bones and the liver are the primary organs for pl utonium
deposition followi ng translocation in the body (I CRP 1982). However,
Mclnroy et al. (1989) indicate that nuscle tissue may al so be a site of
deposition. Plutonium 238 dioxide is nore rapidly translocated fromthe
 ungs than plutonium 239 dioxide thereby causing nore plutonium238 to
be concentrated in other body tissues (I CRP 1982).

Mean concentrations of plutonium 239, -240 in human t|ssues from
aut opsy specinens in Japan ranged fron10 00025 pCi/g (9.3x10° Bg/ Q)
(cerebrum to 0.0015 pG /g (5.4x10° Bg/g) (gonads) fresh weight
(Taki zawa 1982).

Wenn and Cohen (1977) reported plutonium239 levels in tissues
derived from 12 autopsy cases in New York City from 1973 to 1976.
Aver age | evel s for lung, liver, vertebrae, and gonads were 0.00024 pCi/g
of tlssue (8.9x10° Bg/g), O. 0007 pG /g (2 6x10° Bg/g), 0.00017 pG /g
(6.3x10°Bg/g), and O. 0004 pCi/g (1.5x10° Bg/g), respectively.

Ti ssue sanpl es from aut opsy cases of nonoccupationally exposed
i ndividuals fromGeat Britain showed nedi an pl utonium 239, -240 |levels
for ribs, vertebrae, fenur, Ilver and | ungs of 0.00016 pCi/g (5.9x10°
Bg/ g), 0.00012 pCl/g (4 4x10°° Bg/ g), 0.000095 pCi/g (3. 5x10 Bag/ g),
0. 0007 pCi/g (2.6x10° Bg/g) and O. 000049 pCi/g (1.8x10° Bg/g),
respectively. Conparable sanples taken from autopsy cases from a regi on
in Geat Britain |located near a plutonlun1proce35|ng pl ant had mnedi an
concentrations of 0.00022 pCl/g (8.1x10° Bg/g), 0.00019 pCl/g (7.0x10°
Bg/g), 0.00015 pGi/g (5.6x10° Bg/g), 0.00014 pCl/g (5.2x10° Bg/g) and
0.00018 pC /g (6.7x10-6 Bqg/g) for those tissues nentioned above
(Popplewel |l et al. 1988).
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The esti mated 50-year dose conmm trent from plutoniumfor people in
the north tenperate zone due to atnospheric tests conducted before 1973
is 0.2 nmrad (0.002 nGy) to the bone Iining cells (Ei senbud 1987). [The
gray is an Sl unit of absorbed dose and is equal to 0.01 rad.] The
aver age annual dose equivalent fromall background radiation to an
i ndividual residing in the United States is estimated to be 360 nrem
(3.6 nBv) (NCRP 1987). [The sievert is an SI unit of dose equival ent
and is equal to 0.01 rem]

5.6 POPULATI ONS W TH POTENTI ALLY HI GH EXPOSURES

I ndi vi dual s enpl oyed at facilities using plutoniumor uranium have
hi gh exposure potentials. Voelz et al. (1985) studi ed workers who
participated in the Manhattan Project to determine if they had been
exposed to |l evels of plutoniumwhich would result in adverse health
ef fects. Exanination of the study group showed that their health was as
good, if not better, than the general population. Simlar results were
reported by Wl kinson et al. (1987) for individuals enployed at a
pl ut oni um weapons facility. These authors found, however, that
i ndividuals with body burdens >2,000 pC (>74 Bg) had a slightly higher
mortality fromall causes of death and from | ynphopoietic neoplasns than
that found in enployees with body burdens <2,000 pG (<74 Bqg). (See
Section 2.2.1.8 for a nore conpl ete di scussion of this study.)

Cobb et al. (1982) obtained autopsy tissues fromindividuals who
had Iived in one of three areas around the Rocky Flats facility (449
decedents) and fromindividuals who had |ived outside of these areas for
use as control data. Total plutoniumburden, as well as the ratio of
pl ut oni um 239, -240, were neasured in lung and liver tissues fromthese
i ndi viduals. Next of kin were interviewed to assure that none of the
study popul ation had been exposed to plutoniumfrom sources other than
fall out and/or environnmental contam nation fromthe Rocky Flats
facility, and to obtain information on snoking history. Miultiple
regressi on anal yses suggested that plutoniumburden is related to age,
sex, and snoking history, but showed no definitive relationship to
resi dence near the Rocky Flats facility. The correlation of plutonium
burden wi th snmoking (neasured i n pack-years) indicated that snokers
coul d be a population at risk for increased body burden. The authors of
the study hypothesize that this may result from damge to the clearing
mechani sns of the lungs, resulting in a decrease in the rate of natural
el i m nation of particles.

I ndividuals living near facilities which utilize plutoniumin the
operati ons may have hi gher exposure potential due to regular rel eases
t hrough stack-em ssions or waste water. In addition, atnospheric
fallout to the soil can result in secondary rel eases due to dust
generation while farm ng or due to uptake by crops and subsequent
i ngestion of contam nated crops (Corey et al. 1982).
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Individuals living in Pal omares, Spain, were exposed to plutonium
after the dispersal of the plutoniumin two bonbs rel eased during the
mdair collision of two airplanes (lranzo et al. 1987). Exposure via
i nhal ati on due to the resuspensi on of contaminated soil was studied for
15 years followi ng the rel ease. Those individuals |iving near
cultivated lands with the hlghest contam nation received a cunul ative
total of 52.3 nrem (5.2x10" nBv) from 1966 to 1980 while those in the
ur ban ar ea of Palomares, farther away fromthe source, received 5.4 nrem
(5.4x10% nBv) (Iranzo et al. 1987).

Kathren et al. (1987) determned | evels of plutonium 239 at autopsy
in bones of an individual known to have had occupatlonal exposure to
plutonlun1 Val ues ranged from1.9x10° to 1.14x10° pCi/g ash (7. 0x10°
to 5.0x10° Bg/g ash), with the highest value detected in the scapul a.

Kat hren et al. (1988) found a greater percentage of plutonium 238 in the
skel eton than pl utoni um 239.

Kawanura (1987) estimated the plutonium 239, -240 inhal ation intake
of visitors to Kiev after the Chernobyl accident to be 0.8 pG /day
(0.03 Bg/day) during peak fallout exposure.

5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of
the Public Health Service) to assess whether adequate information on the
health effects of plutoniumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the NTP, is required to assure
the initiation of a programof research designed to determ ne the health
effects (and techni ques for devel opi ng nethods to determ ne such health
effects) of plutonium

The followi ng categories of possible data needs have been
identified by a joint team of scientists from ATSDR, NTP, and EPA. They
are defined as substance-specific informational needs that, if net would
reduce or elinmnate the uncertainties of human health assessnment. In

the future, the identified data needs will be evaluated and prioritized,
and a substance-specific research agenda will be proposed.
5.7.1 Identification of Data Needs

Physi cal and Chemical Properties. The physical and cheni cal
properties of plutoniumhave been studied. The information is adequate
to permt estimation of plutonium s environnmental fate.

Production, Use, Release, and Di sposal. The potential for hunan
exposure to plutoniumis great due to its ubiquitous presence in the
environment, resulting fromrel eases from production facilities and from
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weapons testing, and its radiological half-life. However, the |evel of
exposure to plutonium may be small. The production and use of plutonium
238-243 are well documented. There is little information regarding the
production of plutonium 237. The anounts of these plutoniumisotopes
produced for various applications have been docunented; however, the
nmost current information is from 1974. Mre recent data is needed in
order to conpare past and present production and to project future
production. The majority of information on the production and use of
plutoniumis classified in the nation's defense program Information on
past maj or rel eases of plutoniumfrom weapons testing and fromthe

expl osi on of a navigational satellite is available. However, current
informati on on rel eases fromproduction facilities is unavailable and is
needed in order to nonitor popul ations that m ght be exposed. The

di sposal of plutoniumprior to 1970 is docunented, but again, nore
recent information regarding amounts being held for mandated di sposal in
t he proposed hi gh-Ievel disposal facility is needed. Rules and
regul ati ons for the disposal of plutoniumhave been established and
these are reported in Chapter 7.

Environnmental Fate. The major transport processes involved in the
environnmental fate of plutonium as it relates to potential human
exposure, have been fairly well defined. These processes i ncl ude
transport in the atnosphere when adsorbed to particulate matter and dry
or wet deposition on land and water. Information on environnental
conpartnments, such as flux rates, and the nechanisnms and rates of
several processes involved in the biogeochem cal cycling of plutonium
are still undefined. The data avail abl e regardi ng uptake of pl utonium
by plants are limted. There is sone information regarding the
conversion of the oxidized forms of plutoniumto reduced forns foll owed
by uptake into plants. Information regarding the influence of inorganic
compl exes on transport and regardi ng the nedi a-specific effects of pH on
the oxidation states of plutoniumwould be useful in order to nore fully
under stand transport processes. The persistence of plutoniumi sotopes
is well docunented. Transformation of plutoniumis through radi oactive
decay or chenical oxidation/reduction reactions. These processes have
been wel |l characterized.

Bi oavail ability. Plutoniumis known to be absorbed foll ow ng
i nhal ati on exposure. Bioavailability follow ng oral and dermal exposure
is very | ow, however, plutoniumcan be absorbed from contam nated
wounds. Bioassay data are avail abl e on absorption fromcontaninated air
and water. However, information on the inpact of the val ence state of
pl ut oni um on absorption follow ng oral exposure is anbival ent. Such
information is needed in order to address the inmpact of chlorination of
drinking water, which results in a change in the val ence of plutonium
fromplutonium(IV) to plutoniumV1l). Therefore, further testing is
i mportant to determne the rel evance of this change in val ence state.
No data were | ocated on absorption fromingestion of soil or plant
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material. Such information is needed in order to quantify the potenti ail
exposure by this route, particularly when children nay ingest soil when
pl ayi ng near NPL sites.

Food Chai n Bi oaccumul ati on. Pl utoni um has been shown to
bi oconcentrate in aquatic organisns at the | ower end of the food chain.
However, data do not indicate that plutoniumis bioconcentrated in
pl ants, higher aquatic organisnms, or animals. In addition, there is no
i ndication that plutoniumis biomagnified in terrestrial or aquatic food
chains. No additional information on bioaccumnul ati on appears to be
necessary at this tine.

Exposure Levels in Environnental Media. A nunber of studies have
been performed throughout the years on the fallout associated with the
testing of nuclear weapons. Information is available on levels in air,
water, soil, plant materials, and foodstuffs. However, no recent data
are available on levels in these nedia. In particular, information is
very limted on levels in nedia associated with areas surroundi ng waste
sites. Such information is needed in order to quantify the potenti al
exposure via these sources. Data are not avail able on estimtes of
human intake via specific nedia. This information woul d be inportant in
determ ning the inpact of exposure through each of these nedia.

Exposure Levels in Humans. Plutoniumis neasurable in urine and in
lung, liver, and bone tissues obtained fromautopsy. It is plausible to
expect that occupationally exposed popul ations are routinely
bi ononi tored through urinalysis. However, such data are not made
avai |l abl e and are needed to quantify exposure to these individuals. In
addition, no information is avail able on biononitoring of individuals
around NPL sites where plutonium has been found or of the genera
public. This information is needed so that exposure to these
popul ati ons may be quanti fi ed.

Exposure Registries. No exposure registries for persons
environnmental |y exposed to plutoniumwere | ocated. Plutoniumis not
currently one of the substances for which a subregistry has been
established in the National Exposure Registry. The substance will be
considered in the future when chem cal selection is nmade for
subregi stries to be established. The information that is anassed in the
Nati onal Exposure Registry facilitates the epideniol ogi cal research
needed to assess adverse health outcones that may be related to the
exposure to this substance.

5.7.2 On-going Studies

Long-termresearch studies on the environnental fate of plutonium
have not been identified. However, with the Chernobyl accident, it is
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anticipated that new infornmation regarding the transport and fate of
materials rel eased during the accident will becone avail abl e.

N.P. Singh (University of Utah) is determ ning the concentration
and accunul ation of plutoniumin different organs of the younger
popul ation of the United States, who were born after 1963. Anot her
study includes determ ning the concentrations of plutonium 238,
pl ut oni um 239, and plutonium 240 in the liver, kidney, and bone of 30
people who lived in northern Ut ah.

C.R dsen (Cak Ridge National Laboratory), along wth other
researchers, is investigating whether radionuclides released fromthe
Depart nment of Energy Savannah River facilities m ght be useful
environnmental tracers. The study includes transport pathways, transfer
rates, and geochemical fate of plutoniumin the Savannah Ri ver estuary.
R E. WIldung at Pacific Northwest Laboratory is studying the influence
of soil, soil mcrobial, and plant processes on behavi or and cycling of
cationic elenments (including plutonium) in terrestrial environnents.

The behavi or of long-lived radionuclides in natural water (WR
Penrose, Argonne National Laboratory) and the behavior of falloutderived
plutoniumin estuarine sedinments as a function of various
envi ronnment al paraneters (H. J. Sinpson, Colunbia University) have been
under investigation. The study by Sinpson includes determ ning factors
whi ch control the distribution of plutoniumin the sedinents of the
Hudson Ri ver. Studies by Noshkin and Penrose include characteri zing
rates and nechani sms of various physical and chem cal processes that
control the behavior of such pollutants, and characterizing the
i nportance of oxidation states and natural conpl exi ng agents on the
sorption behavi or of plutonium and other radionuclides.

CGeochem stry of plutoniumin the Gulf of Mexico is being studied by
MR Scott (Texas A&M University). Plutoniumisotopes will be neasured
in both oxic and anoxic sedinments in the Gulf of Mexico and in suspended
sedinments frommajor rivers enptying into the Gulf.

G R Choppin (Florida State University) is investigating the
synergi stic reaction of actinide-TTA conpl exes with brown ether adducts
in benzene solutions and interaction of plutoniumand other transuranic
el enments with the conponents of marine sediments under different
conditions. The interaction of plutonium 238 di oxi de heat source with
the marine environnment is also under investigation by H V. Wiss (Naval
Coastal Systens Center).
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The purpose of this chapter is to describe the anal ytical methods
that are available for detecting and/or neasuring and nonitoring
pl utoniumin environnmental nedia and in biological sanples. The intent
is not to provide an exhaustive list of analytical nmethods that could be
used to detect and quantify plutonium Rather, the intentionis to
identify well-established nethods that are used as the standard nethods
of analysis. Many of the analytical nethods used to detect plutoniumin
environnmental sanples are the nmethods approved by federal agencies such
as EPA. O her nethods presented in this chapter are those that are
approved trade associations, such as the Association of Oficial
Anal yti cal Chemists (AOAC) and the American Public Health Association
(APHA) . Additionally, analytical nmethods are included that refine
previously used nethods to obtain | ower detection limts and/or to
i nprove accuracy and precision.

The accurate and reliable determ nation of plutoniumin biol ogical
and environnmental sanples is inportant because of the potential inpact
of this elenment on public health. Analytical nethods used to neasure
pl utoniumin biological and environnmental mnedia are highly refined
conpared to other transuranics.

Anal ytical nethods used to quantify plutoniumin biological and
environnmental sanples are listed in Tables 6-1 and 6-2. Enphasis has
been placed on well -established nethods approved by EPA, the Anerican
Public Health Association, and in accordance with accepted standards of
the Anerican Society for Testing and Materials (ASTM. Revi ews of
anal yti cal methods for measuring plutoniumconcentrations are provided
by Brouns (1980), Bernhardt (1976), Metz and Waterbury (1962), and Si ngh
and Wenn (1988).

Ceneral environnmental survey instruments (e.g., al pha particle
nmeters) are avail able, but they are not specific for plutonium The
predom nant anal ytical nethod for measuring plutonium present at or near
background concentrations in both biological and environnmental nedia
requi res radi ocheni cal separation and purification in conjunction with a
quantitative neasurenment technique (e.g., alpha spectronetry, liquid
scintillation, or nmass spectronetry).

6.1 BI OLOG CAL MATERI ALS
The procedures that have been devel oped for the determnation of

smal |l quantities of plutoniumin biological as well as in environnental
sanpl es include the foll owi ng steps:

e Release of plutoniumfromthe sanple's natrix into solution and the
addi tion of plutoniumtracers;



TABLE 6-1. Analytical Methods for

Determining Plutonium in Biological Materials

Sample
Detection
Sample Matrix Sample Preparation Analytical Method Limit Accuracy Reference
Biological soft Wet ash; filter; extract; electrodeposit on « spectrometry 238py,, no data no data Singh and Wrenn 1988
tissues platinum disk 239/240p,
Urine Evaporate; wet ask; filter; extract, electro- « spectrometry 235Pu, no data no data Singh and Wrenn 1988
deposit on platinum disk 239/240p,
Fecal matter Wet ash; filter; extract; electrodeposit on « spectrometry 238Pu, no data no data Singh and Wrenn 1988
platinum disk 239/240p,,
Bones Dry ash; reduce valence state; extract; « spectrometry 23°Pu, no data no data Singh and Wrenn 1988
electrodeposit on platinum disk 233/240p,,
Milk Dry ash; extract; reduce valence state; « spectrometry no data no data EPA 1984
coprecipitate with lanthanum fluoride
Plant Dissolve starch; filter; wet ash; extract; « spectrometry 0.0027 pCi no data Bunzl and Kracke

electrodeposit on platinum disk

238p, , 233/240p,,

(0.1x10-% Bq)

1987

‘9
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TABLE 6-2. Analytical Methods for Determining Plutonium in Envirommental Samples

Sample
Detection
Sample Matrix Sample Preparation Analytical Method Limit Accuracy Reference
Air Extract; filter; coprecipitate with cerium « spectrometry (solid 0.08x10- +10% APHA 1977
fluorides; electrodeposit on platinum disk state detector) pCi/m? (2x
(tentative Method 10-6 Bq/m3)
605)
Air Dry ash; filter; extract; reduce valence; « spectrometry no data no data EPA 1984
coprecipitate with lanthanum fluoride
Soil Digest; filter; extract; electrodeposit on « spectrometry 238pyu, no data no data Singh and Wrenn 1988
platinum disk 23s/240p,
Soil, Water Ash soil or evaporate water samples; reduce « spectrometry 238Pu, no data no data EPA 1984
valance; extract; wet ash; coprecipitate with 238/240p, )
lanthanum fluoride
Water Filter; extract; coprecipitate with lanthanum « particle counter no data 15% EPA 1980

fluoride

(either proportional
or scintillation
detectors) (EPA
Method 907.0)

9

SQOHLIW TVOILXTIVNV

60T
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e Concentration by precipitation with a noni sotopic carrier or
by sol vent extraction;

e Purification by precipitation, liquid extraction, or ion
exchange chromat ography; and

o Determination of the plutoniumcontent of the sanple by
al pha-particle counting or other techniques (Brouns 1980).

Two common net hods for releasing plutoniumfromthe sanple's matrix
into solution are acid extraction and acid dissolution. Sanples are
wet, or dry, ashed prior to solubilization. Leaching the sanple with a
m xture of acids (e.g., nitric acid and hydrochl oric acid) has the
advant age of easily handling | arge sanple volunes, but with the
potenti al di sadvantage of |eaving plutonium conpounds in the residue.
The acid dissolution procedure includes the addition of excess
hydrofl uoric acid (HF) to the above nixture of acids and results in
di ssolution of rmuch, if not all, of the sanple matrix. Refractory
pl ut oni um conpounds (e.g., PuQ,) are nore likely to be dissolved upon
addi tion of HF. However, di ssof ution of interfering elements, such as
i ron, phosphorous, and other rare earths (e.g., al pha-particle
emtters), is also increased in acid dissolution. Athird exanple of a
di ssolution nethod is fusion. It is less routinely used, however,
because it is relatively labor intensive. Fusions with pyrosul fate, or
a comnbi nati on potassiumfluoride and pyrosul fate fusion, can insure
conpl ete dissolution of the sanple matrix. The potassium fluoride
fusion dissolves the siliceous material in the sanple, whereas the
pyrosul fate fusion dissolves the nonsiliceous matrix material s,
especially the refractory plutoni um di oxi des (Bernhardt 1976).

Pl ut oni um sol utions that contain: (1) other al pha-particle
emtters (e.g, anericiumand neptunium, (2) large amounts of fission
products (e.g., cesiun), or interfering anmounts of other substances such
as iron, calcium uranium and phosphorous need to undergo additiona
chem cal separation procedures. Nonisotopic carriers, such as |anthanum
fluoride (LaF,) and zirconi um phenyl phosphate (ZrCHPQO,), are used to
selectively precipitate the rare earths. Solvent extraction and ion
exchange separation nethods are preferred net hods because of better
separations. In addition, they do not involve the addition of
nonvol atil e substances resulting in an easier preparation of the
co-precipitation source used for al pha-particle counting.

These extraction techni gues can be nade very efficient and
sel ective by adjusting the oxidation state of the plutoniumand other
sanpl e constituents. Common extraction nethods specific for plutonium
use 2-thenoyltrifluoroacetone (TTA), tetrapropylamoniumtrinitrate in
i sopropyl acetone or triisooctylam ne, cupferron in chloroform
tri butyl phoshphate, and tri-octyl phosphi ne di oxi de. Ani on exchange
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met hods with either nitric or hydrochloric acid solutions are commonly
used. Cation exchange colum nethods are | ess frequently used (Brouns
1980) .

Al pha-particle counting is the nost conmonly used nethod for
determ ni ng plutonium concentrations at |ow |l evels in biologica
sanples, as well as in process waste streans, and in soil, water, and
air filter sanples (Brouns 1980). This nethod does not distinguish
between the different al pha-particle enmitters of plutonium (plutonium
236, plutonium 238, plutonium 239, plutonium 240, plutonium 242), nor
does it detect plutonium 241, a beta-particle emtter.

Prior to nmeasurenent, the separated and purified plutonium nust be
i ncorporated into a source to produce a | ow mass, uniformy distributed
deposit on a highly polished netal surface. Two techniques that are
commonly used are: (1) electrodeposition, and (2) co-precipitation with
a carrier. Electrodeposition is currently used in a mnority of
| aboratories to prepare a thin, uniform and reproducible source. The
al pha-particle emtting i sotopes of plutoniumare el ectrodeposited on a
pol i shed stainless steel, or platinumdisk. In the co-precipitation
technique, a small anobunt of a carrier (e.g., LaF3) is used to coprecipitate
the separated and purified plutoniumfromsolution. The
precipitate is then prepared for counting by either filtration or by
evaporation of a slurry of the precipitate onto a stainless steel disk
or planchet (ASTM 1982; 1987). Recent methods use a glass fiber filter
whi ch can be used as the source for al pha counting techniques. It has
been suggested that |low yields result from el ectrodeposition due to the
presence of traces of interfering elenents (e.g., iron) (Bernhardt
1976) .

Al pha spectronetry is the single nost wi dely used nethod for
measuring concentrations of plutonium238, or a m xture of plutonium 239
and pl ut oni unm 240. However, the energy of the al pha particles enitted
from pl utoni um 239 and pl utoni um 240 are too close to be resolved by
al pha spectronetry. The two remai ning al pha-particle emtters anong the
pl ut oni um i sot opes, plutonium 236 and pl utoni um 242, are normally not
found in environmentally significant quantities, and are not common
constituents of nuclear fuels or waste waters. Therefore, they can be
used as tracers to aid in the analysis of other isotopes. In this
calibration procedure, a known quantity of a tracer is added to the
sanpl e being analyzed in order to determne the yield. This is the
percentage of the total amount of plutoniumin the sanple that is
actual ly neasured in the el ectrodeposited anmount after the separation
purification, and preparation of the source (ASTM 1987; Brouns 1980).

The nost critical step in the analysis of biological sanples is
conpl ete dissolution of the sanple to assure solubilization of all
p! ut oni um conpounds. Bi ol ogi cal sanples are generally dissolved by wet
ashing or a conbination of wet and dry ashing. Hi gh tenperatures (700%
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to 1,000°C) during ashing should be avoided in order to prevent the
formati on of an insoluble form of plutonium dioxide (N elsen and Beasl ey
1980; Sill 1975). Plutoniumthat has been distributed to urine, blood,
or soft tissue as a result of nmetabolic processes is usually in a
readily soluble form Lung tissue, feces, and excised tissue from wound
sites will likely contain insoluble forms of plutoniumand will require
treatnent with HF and repeated ashings to effect solubilization

Ti ssues, feces, and vegetation require repeated treatnent wit'n a mxture
of concentrated nitric acid (HNO ), perchloric acid (HC10,), and

sul phuric acid (HSO) in order to oxidize the |arge anount of organic
materials in these sanples. If an insoluble residue remains after
repeat ed ashings, then fusion of the residue with gramquantities of an
inorganic flux (e.g., sodium carbonate, sodium pyrosul fate) can be used
to effect solution. Known amounts of a plutoniumisotope are comonly
added subsequent to the dissolution step so that the percentage of

pl ut oniumrecovered after separation and purification (i.e., the yield)
may be determ ned. This added pl utonium nust be in the sane chem cal
formas the plutoniumin the sanple or the yield estimtes will not
reflect the percentage of plutoniumrecovered fromthe dissolved sanple
(Bernhardt 1976; Nielsen and Beasl ey 1980).

Met hods used for concentrating plutoniumin a sanple by a carrier
are often specific to one oxidation state of the plutonium For
exanpl e, the classical bismuth phosphate-Iant hanum fl uori de met hod of
concentrating plutoniumfromurine sanples is specific to plutoniumin
the tri- and tetravalent states and will |eave plutoniumV1l) in
solution. The fate of the various oxidation states of plutoniumin man
is not well understood and anal ysis procedures must insure reduction or
oxi dation of plutoniuminto appropriate oxidation states. Liver and
ki dney sanples may contain netals (e.g., iron) which may greatly reduce
chem cal yields during the final electrodeposition step (Bernhardt
1976) .

Sensitive nmethods for analysis of plutoniumin urine are
particularly inportant for estimating occupational plutonium body
burdens. Routinely available instrumentation, such as the al pha
spectronmeter, can readily detect these | ow concentrations. Mre
sensitive nmethods are commonly required for urine sanples in order to
assess chronic exposures to plutonium These |ow detection linmts were
first achieved in the past by nuclear enulsion track counting (see Table
6-1). In this nethod, the el ectrodeposited sanple is exposed to nucl ear
track film subsequent to the isolation of plutonium The al phaparticle
emtting isotopes of plutoniumw |l |eave tracks on the film
whi ch are counted to quantify the anpunt of plutonium Nuclear enulsion
track counting has been used in the past to neasure plutonium
concentrations in the urine of workers at a nucl ear reactor plant
(Ni el sen and Beasl ey 1980). A type of scintillation counting has been
used to neasure plutonium 239 and anericium 241 in animal tissues (NCRP
1985) .
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6. 2 ENVI RONMENTAL SAMPLES

Common anal ytical nethods used to neasure plutoniumin
environnmental sanples are listed in Table 6-2. The separati on and
extraction nmethods used to prepare biol ogical sanples for plutonium
anal ysis are commonly used for environnmental sanples.

Large vol umes of air particul ate sanples (e.g., 10,000 m) shoul d
be collected in order to obtain detectable anounts of pl utonium
Fi berglass filters may have trace anounts of netals which decrease the
yi el d when electroplating is used to prepare the sanple source for al pha
spectronmetry (Bernhardt 1976).

Field survey instruments for measuring photons of americium?24l in
surface soils and on airborne particulates are available (e.g., Field
Instrunent for Detecting Low Energy Radiation: FIDLER) with a m ni num
detection linit of approximtely tw ce the magnitude of a background
| evel of plutonium 239 (1-2x10°pCi/nf; 37-74 Bg/nf). The FIDLER uses a
sodiumiodide or calciumfluoride crystal and photon-hei ght
discrimnation in order to detect the 17 KeV X-rays emtted fromthe
progeny of plutonium or the 60 KeV ganma photons of anericium 241.
These instruments are useful for identifying areas of contanination, but
cannot be used to accurately predict the concentration of plutoniumin
surface soils (Bernhardt 1976). This instrunment has been used in aerial
surveys of large area sources, such as the Nevada Test Site.

Si nce soil-adsorbed plutoni um contam nati on exists as discrete
particles of various sizes, analysis of larger soil volunmes (25 to 100
grams) is recommended (Bernhardt 1976). Commonly, soil sanples with
hi gh anounts of carbonate are difficult to analyze. Mre rapid,
efficient, and econom cal procedures are being devel oped to sequentially
anal yze a nunber of radioactive actinides (H ndman 1986).

An EPA- approved procedure for the analysis of plutoniumin water is
listed in Table 6-2. In addition, the foll owi ng ASTM standard net hods
relate to the neasurenent of plutoniumin water: D 3648, D 3084, D 3972,
and D 1943 (ASTM 1981, 1982a, 1982b, 1987). Recent work has focused on
nmore rapid analytical methods in order to routinely nonitor plutonium
I evel s in waste process streans at nuclear facilities. For exanpl e,
Edel son et al. (1986) have investigated the applications of
i nducti vel ycoupl ed | asma-atomni ¢ em ssion spectronetry (I CP-EAS) to routinely
anal yze water sanpl es.

Al pha counting and al pha spectronetry are the two nbost conmon
anal yti cal nmethods for neasuring plutoniumconcentrations in
envi ronmental sanples. O her measurenent techniques avail able are
liquid scintillation, mass spectronetry, and ganmma spectronetry.
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Liquid-scintillation counting is a | ess commbon nethod used to
measur e plutonium concentrations fromthe various al pha-particle
emtters anong the isotopes of plutonium Although liquid scintillation
counting avoids the interferences fromiron and other netals seen with
el ectrodeposition, this nmethod generally has higher detection limts
t han obtained with al pha spectronetry. In addition, the conposition of
the scintillation solution nust be carefully controlled to prevent
pol yrmeri zati on, deposition, or precipitation of the plutonium (NCRP
1985).

Mass spectronmetry is used by sonme research | aboratories to
determ ne the concentration of each plutoniumisotope, including the
natural |l y-occurring plutonium244. Mass spectronmetry determ nes the
nunmber of atons of a given mass nunber and, therefore, can neasure the
concentration of all of the plutoniumisotopes, not only the aiphaparticle
emtters as in al pha spectronmetry. Mass spectronetry is
several orders of magnitude nore sensitive than al pha spectronetry in
determ ning the quantities of plutoniumisotopes with [ong half-1lives,
which also tend to be the heavier isotopes. However, plutonium 238 is
nmost accurately determ ned by al pha spectronetry (Bernhardt 1976)
because of its relatively short half-life and the potenti al
interferences fromtraces of urani um 238.

Quantities of plutonium 241, a beta-particle emtter, can be
quantified from (1) assumed isotopic abundance ratios, (2) estinated
in-growth of its progeny anericium241 by gamra spectronetry, or by (3)
mass spectronetry (Bernhardt 1976). Americium 241 is produced fromthe
beta decay of plutonium 241 and, therefore, can be used to indirectly
nmeasure the concentration of plutonium 241 (Metz and Waterbury 1962).
Direct determ nation of plutonium 241 by neasurenment of its |ow energy
beta-particle decay has been reported using liquid scintillation
analysis (Martin 1986).

6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of
the Public Health Service) to assess whether adequate information on the
health effects of plutoniumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the NTP, is required to assure
the initiation of a programof research designed to determ ne the health
effects (and techni ques for devel opi ng nmethods to determ ne such health
effects) of plutonium

The followi ng categories of possible data needs have been
identified by a joint team of scientists from ATSDR, NTP, and EPA. They
are defined as substance-specific informational needs that, if net would
reduce or elimnate the uncertainties of human health assessnent. In
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the future, the identified data needs will be evaluated and prioritized,
and a substance-specific research agenda will be proposed.
6.3.1 Identification of Data Needs

Met hods for Determ ning Bi omarkers of Exposure and Effect. There
are methods avail abl e for nmeasuring the isotopes of plutoniumin
bi ol ogi cal sanples. The neasurenent of plutoniumin the urine is
consi dered a bi onarker of exposure to plutonium Methods are avail able
to detect plutoniumin the urine. However, no information was avail abl e
concerning the reliability of these nethods for determ ning plutonium
levels in the urine. In the studies that reported these methods of
anal yses, neither the sanple detection limt nor the accuracy of the
met hod was reported. Therefore, nore information is needed to define a
detection limt and to determ ne the accuracy of the nethod used to
anal yze plutoniumin the urine. On-going studies continue to refine
t hese procedures. Additional studies would be helpful to determ ne the
m gration of plutoniumin the body over tine.

No bi omarkers have been linked to plutoniumhealth effects in
humans. Further testing to identify any potential bionarkers of effect
shoul d be conducted; if biomarkers are identified, testing will then be
needed to deterni ne what anal ytical nethods will detect these biomarkers
with the greatest degree of accuracy.

Met hods for Determ ning Parent Conpounds and Degradati on Products
in Environnmental Media. Environnental nedia are analyzed to identify
contam nated areas and to determine if contam nant |evels constitute a
concern for human health. The detection of plutoniumin air, water, and
soil is of concern due to the potential for human exposure. There are
many steps involved in the analysis of plutoniumin environnental mnedia.
Rel i abl e and accurate nethods are available to detect plutoniumin air.
However, no detection Iimt or degree of accuracy was reported for the
met hods used to determine plutoniumin soil and water. Attenpts to
i mprove these nethods shoul d be focused on separation techniques,
increasing yields, and increasing the neasurenent efficiency.

6.3.2 On-going Studies

The Environnmental Research Laboratory of the U S. Departmnent of
Energy located in New York is conducting studies to refine analytica
met hods for the neasurenent of plutoniumin biological and environnental
nmedi a. Lawrence Livernore National Laboratory in Californiais
currently refining techni ques for the measurenent of plutoniumin
bi ol ogi cal sanples. On-going studies of the solution chem stry of
plutoniumare currently being undertaken at Brookhaven Laboratory in New
York and by researchers in Japan (Aoyagi et al. 1987).
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I ndi vi dual s occupationally exposed to plutoniumin the past are
continually nonitored in prograns across the country. For exanple,
whol e body counting studies are currently conducted at Los Al anps
Nati onal Laboratory in New Mexico. Animal studies conducted at the
Lawr ence Berkel ey Laboratory, University of California, Berkeley, by
P. Durbin are evaluating the behavior and novenment of plutoniuminhal ed
into the lungs. Mdels used to estinate body burden based on urinary
excretion data and ot her biol ogi cal neasurenents of plutonium (Leggett
and Eckerman 1987) are under continual revision.
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International and national regulations and guidelines pertinent to
human exposure to plutoniumand to other radi oactive substances are
sumarized in Table 7-1. Recommendations for radiation protection for
people in the general population as a result of exposure to radiation in
the environnent are found in the Federal Radiation Guidance (FRC 1960)
and ICRP No. 26 (ICRP 1977). National guidelines for occupational
radi ation protection are found in the "Federal Radiation Protection
Gui dance for QOccupational Exposure"” (EPA 1987). This gui dance for
occupati onal exposure supersedes recomrendati ons of the Federa
Radi ati on Council for occupational exposure (FRC 1960). The new
gui dance presents general principles for the radiation protection of
wor kers and specifies the nunmerical primary guides for limting
occupational exposure. These recommendati ons are consistent with the
| CRP (I CRP 1977).

The basi c phil osophy of radiation protection is the concept of
ALARA (As Low As Reasonably Achievable). As a rule, all exposure should
be kept as | ow as reasonably achi evable and the regul ati ons and
guidelines are neant to give an upper limt to exposure. Based on the
primary gui des (EPA 1987), guides for Annual Limts on Intake (ALIs) and
Derived Air Concentrations (DACS) have been calculated (I CRP 1977,
1979). The AL1 is defined as "that activity of a radionuclide which, if
i nhal ed or ingested by Reference Man (I CRP 1975), will result in a dose
equal to the nost limting primary guide for commtted dose" (EPA 1988a)
(see Appendix B). The DAC is defined as "the concentration of
radionuclide in air which, if breathed by Reference Man (I CRP 1975) for
a work-year, would result in the intake of one ALI" (EPA 1988a). The
ALIs and DACs refer to occupational situations but nay be converted to
apply to exposure of persons in the general popul ation by application of
conversion factors (Table 7-1).
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TABLE 7-1. Regulations and Guidelines Applicable to
Plutonium and Plutonium Compounds

Agency Description Value* References
International
Guidelines:
ICRP Occupational - whole body 5 rem/yr ICRP 1977
exposure (50 mSv)
ICRP Individual - short-term, 0.5 rem/yr ICRP 1977
to critical populations (5 mSv)
ICRP Individual - chronic exposure 0.1 rem/yr ICRP 1977
) (1 mSv)
National
Regulations:
a: Air:
NRC Cumulative annual dose 0.5 rem/yr NRC 1988%
limit for general popu- 10 CFR 20.105(a)
lation from nuclear
power plant operations
NRC Maximum concentration above NRC 19882
background released at the 10 CFR 20.106(a)
boundary of power plant: pCi/ml (Bq/ml)

Plutonium-238

Plutonium-239

Plutonium-240

Plutonium-241

Plutonium-242

Plutonium-243

Plutonium-244

S

HWOHKHFWVNHWFWEFEW MWV

7x10°8 (3x10°%)
1x107¢ (4x1078)
6x1078 (2x107%)
1x107% (4x107%)
6x1078 (2x107%)
1x107¢ (4x1078)
3x107¢ (1x1077)
1x103 (4x10°%)
6x1078 (2x107%)
1x107¢ (4x107%)
6x1072% (2x1073)
8x107%2 (3x107?)
6x107® (2x1079)
1x107¢ (4x1078)
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TABLE 7-1 (Continued)

Agency Description Value References

NRC Maximum concentration above NRC 1988+
background in restricted areas 10 CFR 20.103(a)
of: pCi/ml (Bgq/ml)

Plutonium-238 § 2x107¢ (7x107%)
I 3x107% (1x107%)
Plutonium-239 S 2x107¢ (7x107%)
I 4x1075 (1x107%)
Plutonium-240 S 2x107¢ (7x1079)
I 4x1073 (1x107%)
Plutonium-241 S 9%1073 (3x107%)
I 4x102  (1x10Y)
Plutonium-242 S 2x107¢ (7x107%)
I 4x107% (1x107¢)
Plutonium-243 S 2 (7x1072)
I 2 (7x107%)
Plutonium-244 S 2x107¢ (7x10°8)
1 3x1075 (1x107%)
b. Water:
EPA MCL pCi/L (Bq/L) EPA 1988a
ODW Gross alpha particle 15 (6x1071) 40 CFR 141.15
activity (excluding
radon and uranium)

NRC Maximum concentration above NRC 19882
background released at the 10 CFR 20.106(a)
boundary of power plant: pCi/ml (Bq/ml)

Plutonium-238 S 5 (0.2)
I 30 (1.1)
Plutonium-239 S 5 (0.2)
1 30 (1.1
Plutonium-240 S 5 (0.2)
I 30 (1.1
Plutonium-241 S 2x102 (7.4)
I 1x10% (37.0)
Plutonium-242 S 5 (0.2)
I 30 (1.1
Plutonium-243 § 3x10% (11.1)
I 3x102 (11.1)
Plutonium-244 S 4 (0.D)
I 10 (0.4)
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TABLE 7-1 (Continued)

Agency Description Value References
¢. Nonspecific media:

EPA Reportable quantity Ci (Bg) EPA 1989
Plutonium-234 1000 (3.7x10%3)
Plutonium-235 1000 (3.7x10%3)
Plutonium-236 0.1 (3.7x10%)
Plutonium-237 1000 (3.7x10%%)
Plutonium-238 0.01 (3.7x10%)
Plutonium-239 0.01 (3.7x10%®)
Plutonium-240 0.01 (3.7x10%)
Plutonium-241 1 (3.7x10%)
Plutonium-242 0.01 (3.7x10%)
Plutonium-243 1000 (3.7x10%3)
Plutonium-244 0.01 (3.7x10%)
Plutonium-245 100 (3.7x1012)

Guidelines:
EPA Occupational - the 5 rem/yr EPA 1987
committed effective dose (50 mSv)
equivalent (internal) and
annual effective dose
equivalent (external)
combined

FRC Individual - whole body 0.5 rem/yr FRC 1960P

exposure (5 mSv)

FRC Individual - operational 0.17 rem/yr FRC 1960P

guide for "suitable sample (1.7 mSv)
of population" when

individual whole body doses

are not known

EPA Occupational ALI for inhalation EPA 1988b

of class W forms of°: pCi (Bg)
Plutonium-234 2x10% (8x10%)
Plutonium-235 3x1012 (1x101)
Plutonium-236 2x10%  (7x10%)
Plutonium-237 3x10° (1x10%)
Plutonium-238 7x10% (3x102)
Plutonium-239 6x10% (2x10%)
Plutonium-240 6x10% (2x10%)
Plutonium-241 3x10°  (1x10%)
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TABLE 7-1 (Continued)

Agency Description Value References
Plutonium-242 7x10%  (2x10%)
Plutonium-243 4x101% (1x10%)
Plutonium-244 7x10% (3x10%)
Plutonium-245 5%x10° (2x108)
Plutonium-246 3x10% (9x10%)

EPA Occupational ALI for inhalation EPA 1988b
of class Y forms of°: pCi (Bq)
Plutonium-234 2x108  (7x10%)
Plutonium-235 3x1012 (9x101%)
Plutonium-236 4x10*  (2x10%)
Plutonium-237 3x10° (1x10%)
Plutonium-238 2x10*  (7x102)
Plutonium-239 2x10% (6x102)
Plutonium-240 2x10%  (6x102)
Plutonium-241 8x10% (3x10%)
Plutonium-242 2x10%  (6x102)
Plutonium-243 4x101° (1x10%)
Plutonium-244 2x104  (7x102)
Plutonium-245 4x10% (2x10%)
Plutonium- 246 3x108  (1x107)
EPA Occupational ALI for EPA 1988b
ingestion ofd: pCi (Bq)
Plutonium-234 8x10% (3x10%)
Plutonium-235 9x1011 (3x1010)
Plutonium-236 2x10%  (9x10%)
Plutonium-237 1x1010 (5x108)
Plutonium-238 9%105 (3x10%)
Plutonium-239 8x10% (3x10%)
Plutonium-240 8x10°% (3x10%)
Plutonium-241 4x107 .~ (1x10%)
Plutonium-242 8x10% (3x10%)
Plutonium-243 2x1010 (6x10%)
Plutonium-244 8x10% (3x10%)
Plutonium-245 2x10° (8x107)
Plutonium-246 4x108  (1x107)
EPA Occupational DAC for inhalation EPA 1988b
of class W forms of®: pCi/cm® (Bq/m?)
Plutonium-234 9%107%2 (3x103)
Plutonium-235 1x108  (5x107)
Plutonium-236 8x10°¢ (3x10™1)
Plutonium-237 1 (5x10%)
Plutonium-238 3x1076  (1x1071)

Plutonium-239 3x107¢  (1x107%)




122

7. REGULATIONS AND ADVISORIES

TABLE 7-1 (Continued)

Agency Description Value References
Plutonium-240 3x10°¢ (1x10°1)
Plutonium-241 1x10°% (%)
Plutonium-242 3x10°¢ (1x107°%)
Plutonium-243 2x10? (6x10%)
Plutonium-244 3x10°¢  (1x10™YH)
Plutonium-245 2 (7x10%)
Plutonium-246 1x101  (4x10%)

EPA Occupational DAC for inhalation EPA 1988b
of class Y forms ofe: pCi/cm® (Bq/m®)
Plutonium-234 8x107% (3x10%)
Plutonium-235 1x10%®  (4x107)
Plutonium-236 2x10°5  (7x107%)
Plutonium-237 1 (5x10%)
Plutonium-238 8x107¢ (3x107Y)
Plutonium-239 7x10°¢  (3x1071)
Plutonium-240 7x10°¢  (3x107%)
Plutonium-241 3x107%  (1x10%)
Plutonium-242 7x107¢  (3x1071)
Plutonium-243 2x10! . (6%10%)
Plutonium-244 7x10°¢  (3x107Y)
Plutonium-245 2 (6x10%)
Plutonium-246 1x10°1 (4x10%)

*See Glossary and Appendix B for definitions of units.

ALI
DAC
EPA
FRC
I =

= Annual Limit of Intake
= Derived Air Concentration
= Environmental Protection Agency
= Federal Radiation Council

Insoluble

ICRP = International Commission for Radiation Protection
MCL = Maximum Contaminant Level
mSv = millisievert
NRC = Nuclear Regulatory Commission
OCW = Office of Drinking Water

S = Soluble
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TABLE 7-1 (Continued)

Agency Description Value References

aThe Nuclear Regulatory Commission limits in 10 CFR 20 are in the process of
revision.

PFRC guidance for occupational exposure is superseded by EPA (1987) Federal
Radiation Protection Guidance.

°Conversion of the ALI for occupational settings to apply to exposure of
persons in the general population is:

ALI, = ALI * 0.1

where ALI, is the intake for the general population, ALI is the intake for
occupational exposures and 0.01 is the ratio of the dose limit to the
individual (0.5 rem/yr) and the dose limit for occupational workers (5
rem/yr). :
dBased on a fractional uptake from the small intestine to blood (f;) of 0.001.
¢Conversion of the DAC for occupational exposure to apply to the general
public is:

DAC; = DAC * 0.03

where DAC; refers to the "Derived Air Concentration" for exposure to the
general population and 0.03 represents the adjustment for hours of exposure
(168 hrs per month occupational vs. 720 hr per month of continuous exposure),
breathing rate (29 m®/day for occupational vs. 22 m®/day for the general
population) and dose limits (0.5 rem/yr for individuals vs. 5 rem/yr for
occupational settings).
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Absor bed Dose -- The nean energy inparted to the irradi ated nedium per
unit mass, by ionizing radiation. Units: gray (G) , rd.

Absorbed Fraction -- Atermused in internal dosinetry. It is that
fraction of the photon energy (emitted within a specified vol une of
mat erial) which is absorbed by the volume. The absorbed fraction
depends on the source distribution, the photon energy, and the size,
shape and conposition of the vol une.

Absorption -- The process by which radiation inparts sonme or all of its
energy to any material through which it passes.

Sel f- Absorption -- Absorption of radiation (emtted by radi oactive
atons) by the material in which the atons are |ocated; in
particul ar, the absorption of radiation within a sanple being
assayed.

Absorption Coefficient -- Fractional decrease in the intensity of an
unscattered beamof x or gamma radi ation per unit thickness (linear
absorption coefficient), per unit mass (mass absorption coefficient), or
per atom (atonic absorption coefficient) of absorber, due to deposition
of energy in the absorber. The total absorption coefficient is the sum
of individual energy absorption processes. (See Conpton Effect,
Phot oel ectric Effect, and Pair Production.)

Li near Absorption Coefficient -- A factor expressing the fraction
of a beam of x or gamma radiation absorbed in a unit thickness of
material. In the expression I-1,e-“X |, is the initial intensity,

| the intensity of the beam after passage through a thickness of
the material x, and p is the linear absorption coefficient.

Mass Absorption Coefficient -- The |inear absorption coefficient
per cmdivided by the density of the absorber in grams per cubic
centineter. It is frequently expressed as p/p, where p is the

i near absorption coefficient and p the absorber density.

Absorption Ratio, Differential -- Ratio of concentration of a nuclide in a

gi ven organ or tissue to the concentration that would be obtained if the same
adm ni stered quantity of this nuclide were uniformy

di stri buted throughout the body.

Activation -- The process of inducing radioactivity by irradiation.

Activity -- The number of nuclear transformations occurring in a given
guantity of naterial per unit time. (See Curie.)
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Activity Medi an Aerodynani c Di aneter (AMAD) --
sphere with the sane termnal settling velocit
of the aerosol particul ate whose activity is t
aer osol .

di aneter of a unitdensity
air as that
dian for the entire

The
y in
he ne
Acut e Exposure -- Exposure to a chenmical for a duration of 14 days or
| ess, as specified in the toxicological profiles.

Acut e Radi ation Syndrome -- The synptons which taken together
characterize a person suffering fromthe effects of intense radiation
The effects occur within hours or weeks.

Adsorption Coefficient (Koc) -- The ratio of the anmount of a cheni cal
adsor bed per unit weight of organic carbon in the soil or sedinment to
t he concentration of the chemcal in solution at equilibrium

Adsorption Ratio (Kd) -- The anpunt of a chemi cal adsorbed by a sedi nent
or soil (i.e., the solid phase) divided by the anbunt of chemical in the
sol ution phase, which is in equilibriumwth the solid phase, at a fixed
solid/solution ratio. It is generally expressed in mcrograns of

chem cal sorbed per gram of soil or sedinent.

Al pha Particle -- A charged particle emtted fromthe nucleus of an
atom An al pha particle has a mass charge equal in magnitude to that of
a heliumnucleus; i.e., tw protons and two neutrons and has a charge of
+2.

Anni hilation (Electron) -- An interaction between a positive and a

negative electron in which they both disappear; their energy, including
rest energy, being converted into electromagnetic radiation (called
anni hilation radiation} with two 0.51 Mev gamma photons enmitted at an
angl e of 180° to each other.

Atom ¢ Mass -- The mass of a neutral atom of a nuclide, usually
expressed in terns of "atom c mass units.” The "atomic mass unit" is
one-twel fth the nass of one neutral atom of carbon-12; equivalent to
1.6604x10* gm (Synbol: u)

At onmi ¢ Nunber -- The nunber of protons in the nucleus of a neutral atom
of a nuclide. The "effective atomc nunmber" is calculated fromthe
conposition and atom ¢ nunbers of a compound or m xture. An el ement of
this atom c nunber would interact with photons in the same way as the
compound or nixture. (Synbol: 2)

Atom c Weight -- The weighted nean of the masses of the neutral atons of
an el enment expressed in atonic nass units.
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Auger Effect -- The em ssion of an electron fromthe extranucl ear
portion of an excited atom when the atom undergoes a transition to a
| ess excited state.

Background Radi ation -- Radiation arising fromradi oactive materi al
other than that under consideration. Background radi ati on due to cosmic
rays and natural radioactivity is always present. There may al so be
background radi ation due to the presence of radi oactive substances in
bui | ding material s.

Becquerel (Bqg) -- International Systemof Units unit of activity and
equal s one transformation (disintegration) per second. (See Units.)

Beta Particle -- Charged particle enmitted fromthe nucl eus of an atom
A beta particle has a mass and charge equal in nagnitude to that of the
el ectron. The charge may be either +l or -1.

Bi ol ogi ¢ Effectiveness of Radiation -- (See Relative Biologica
Ef fecti veness.)

Bone Seeker -- Any conpound or ion which mgrates in the body
preferentially into bone.

Branching -- The occurrence of two or nore nodes by which a radionuclide
can undergo radi oactive decay. For exanple, radium C can undergo a or

i s- decay, *Cu can undergo B, B’, or electron capture decay. An

i ndi vidual atom of a nuclide exhibiting branching disintegrates by one
nmode only. The fraction disintegrating by a particular node is the
"branching fraction"” for that node. The "branching ratio” is the ratio
of two specified branching fractions (also called nultiple

di sintegration).

Brenmsstrahl ung -- The production of el ectromagnetic radiation (photons)
by the negative acceleration that a fast, charged particle (usually an
el ectron) undergoes fromthe effect of an electric or magnetic field,
for instance, fromthe field of another charged particle (usually a
nucl eus).

Cancer Effect Level (CEL) -- The | owest dose of chemical in a study, or
group of studies, that produces significant increases in the incidence
of cancer (or tunors) between the exposed popul ation and its appropriate
control

Capture, Electron -- A node of radi oactive decay involving the capture
of an orbital electron by its nucleus. Capture froma particul ar
el ectron shell is designated as "K-el ectron capture," "L-electron

capture," etc.
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Capture, K-Electron -- Electron capture fromthe K shell by the nucleus
of the atom Also |oosely used to designate any orbital electron
capture process.

Carci nogen -- A chenical capable of inducing cancer.

Carci noma -- Malignhant neopl asm conposed of epithelial cells, regardless
of their derivation

Cataract -- A clouding of the crystalline I ens of the eye which
obstructs the passage of light.

Ceiling Value (DL) -- A concentration of a substance that should not be
exceeded, even instantaneously.

Chroni ¢ Exposure -- Exposure to a chem cal for 365 days or nore, as
specified in the Toxicol ogical Profiles.

Compton Effect -- An attenuation process observed for x or ganma

radi ation in which an incident photon interacts with an orbital el ectron
of an atomto produce a recoil electron and a scattered photon of energy
| ess than the incident photon

Cont ai nment -- The confinenment of radioactive nmaterial in such a way
that it is prevented from being dispersed into the environnent or is
rel eased only at a specified rate.

Cont am nati on, Radi oactive -- Deposition of radioactive naterial in any
pl ace where it is not desired, particularly where its presence nay be
har nf ul

Cosm ¢ Rays -- High-energy particulate and el ectronagnetic radi ati ons
whi ch originate outside the earth's atnosphere.

Count (Radi ation Measurenents) -- The external indication of a

radi ati on-measuri ng devi ce designed to enunerate ionizing events. It

may refer to a single detected event to the total nunber registered in a
given period of time. The termoften is erroneously used to designate a
di sintegration, ionizing event, or voltage pulse.

Counter, Ceiger-Mieller -- Highly sensitive, gas-filled
radi ati on-nmeasuring device. It operates at voltages sufficiently
hi gh to produce aval anche ionizati on.

Counter, Scintillation -- The conbi nati on of phosphor,
photrul tiplier tube, and associated circuits for counting |ight
em ssi ons produced in the phosphors by ionizing radiation.
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Curie -- Aunit of activity. One curie equals 3.7x1010 nucl ear
transformati ons per second. (Abbreviated C.) Several fractions of the
curie are in comopn usage.

Megacurie -- One nillion curies. Abbreviated M.

Mcrocurie -- One-millionth of a curie (3.7x10? disintegrations
per set). Abbreviated PG .

MIllicurie -- One-thousandth of a curie (3.7x10"disintegrations
per set). Abbreviated nCi.

Nanocurie -- One-billionth of a curie. Abbreviated nC .

Pi cocurie -- One-nillionth of a microcurie (3.7x107

di sintegrations per second or 2.22 disintegrations per mnute).
Abbrevi ated pC; replaces the term ppc.

Decay, Radioactive -- Transformation of the nucleus of an unstable
nucl i de by spont aneous emni ssion of charged particles and/ or photons.

Decay Chain or Decay Series -- A sequence of radioactive decays
(transformations) beginning with one nucleus. The initial nucleus, the
parent, decays into a daughter nucleus that differs fromthe first by
what ever particles were emitted during the decay. |If further decays

t ake place, the subsequent nuclei are also usually called daughters.
Sonetinmes, to distinguish the sequence, the daughter of the first
daughter is called the granddaughter, etc.

Decay Constant -- The fraction of the nunber of atons of a radioactive
nucl i de which decay in unit time. (Synbol 1). (See Disintegration
Constant) .

Decay Product, Daughter Product -- A new isotope formed as a result of
radi oacti ve decay. A nuclide resulting fromthe radioactive
transformati on of a radionuclide, forned either directly or as the
result of successive transformations in a radioactive series. A decay
product (daughter product) may be either radi oactive or stable.

Delta Ray -- Energetic or swiftly noving electrons ejected froman atom
during the process of ionization. Delta rays cause a track of secondary
i oni zations along their path.

Devel opnental Toxicity -- The occurrence of adverse effects on the

devel oping organismthat may result from exposure to a chem cal prior to
conception (either parent), during prenatal devel opnent, or postnatally
to the tine of sexual maturation. Adverse devel opnental effects may be
detected at any point in the |ifespan of the organi sm
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Di sintegration Constant -- The fraction of the nunber of atoms of a
radi cacti ve nuclide which decay in unit tine; A is the synmbol for the

decay constant in the equation N=Ne™, where N is the initial nunber
of atonms present, and N is the nunber of atons present after sane tine.
t. (See Decay Constant.)

Di sintegration, Nuclear -- A spontaneous nuclear transformation
(radioactivity) characterized by the em ssion of energy and/or nass from
t he nucl eus. Wien | arge nunbers of nuclei are involved, the process is
characterized by a definite half-life. (See Transformation, Nuclear.)

Dose -- A general termdenoting the quantity of radiation or energy
absorbed. For special purposes it must be appropriately qualified. If
unqualified, it refers to absorbed dose.

Absorbed Dose -- The energy inparted to natter by ionizing
radi ation per unit nass of irradiated naterial at the place of
interest. The unit of absorbed dose is the rad. One rad equal s
100 ergs per gram In Sl units, the absorbed dose is the gray
which is 1 J/kg. (See Rad.)

Cumul ati ve Dose (Radi ation) -- The total dose resulting from
repeated or continuous exposures to radiation

Dose Assessnment -- An estimate of the radiation dose to an

i ndi vidual or a population group usually by neans of predictive
nodel i ng techni ques, sonetines supplenmented by the results of
measur ement .

Dose Equivalent (DE) -- A quantity used in radiation protection.
It expresses all radiations on a conmon scale for calculating the
ef fective absorbed dose. It is defined as the product of the
absorbed dose in rad and certain nodifying factors. (The unit of
dose equivalent is the rem In SI units, the dose equivalent is
the sievert, which equals 100 rem)

Dose, Radiation -- The ampunt of energy inparted to matter by
ionizing radiation per unit nass of the matter, usually expressed
as the unit rad, or in SI units, 100 rad-1 gray (Gy). {See

Absor bed Dose.)

Maxi mum Per ni ssi bl e Dose Equi val ent (MPD) -- The greatest dose
equi val ent that a person or specified part thereof shall be
allowed to receive in a given period of tine.

Medi an Lethal Dose (M.D) -- Dose of radiation required to kill,
within a specified period, 50 percent of the individuals in a
| arge group of aninals or organisnms. Al so called the LD,
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Threshol d Dose -- The m ni num absorbed dose that will produce a
detectabl e degree of any given effect.

Ti ssue Dose -- Absorbed dose received by tissue in the region of
interest, expressed in rad. (See Dose and Rad.)

Dose, Fractionation -- A nmethod of administering radiation, in which
relatively small doses are given daily or at |longer intervals.

Dose, Protraction -- A nethod of administering radiation by delivering
it continuously over a relatively long period at a | ow dose rate.

Dose-di stri bution Factor -- A factor which accounts for nodification of
t he dose effectiveness in cases in which the radionuclide distribution
i's nonuni form

Dose Rate -- Absorbed dose delivered per unit tinme.

Dosi metry -- Quantification of radiation doses to individuals or
popul ations resulting fromspecified exposures.

Early Effects (of radiation exposure) -- Effects which appear within 60
days of an acute exposure.

El ectron -- A stable elenentary particle having an el ectric charge equal

to +1.60210x10*°g C (Coul onbs) and a rest nmass equal to 9.1091x10* kg.
A positron is a positively charged "electron.H (See Positron.)

Electron Volt -- A unit of energy equivalent to the energy gai ned by an
el ectron in passing through a potential difference of one volt. Larger
multiple units of the electron volt are frequently used: keV for
thousand or kilo electron volts; MV for mllion or nega electron volts.
(Abbrevi ated: eV, 1 eV-1.6x10" erg.)

Enbryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as
a result of prenatal exposure to a chemical; the distinguishing feature
between the two terns is the stage of devel opnment during which the
insult occurred. The terns, as used here, include malformations and
variations, altered growth, and in utero death.

Energy -- Capacity for doing work. "Potential energy"” is the energy
i nherent in a mass because of its spatial relation to other nasses.
"Kinetic energy" is the energy possessed by a nass because of its
moti on; MKSA unit: kg-nif/sec® or joules.

Bi ndi ng Energy -- The energy represented by the difference in mass
bet ween the sum of the conponent parts and the actual mass of the
nucl eus.
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Excitation Energy -- The energy required to change a system from
its ground state to an exited state. Each different excited state
has a different excitation enerqgy.

| oni zi ng Energy -- The average energy |ost by ionizing radiation
in producing an ion pair in a gas. For air, it is about 33.73 eV.

Radi ant Energy -- The energy of el ectromagnetic radiation, such as
radio waves, visible light, x and ganma rays.

Enriched Material -- (1) Material in which the relative amunt of one or
nmore i sotopes of a constituent has been increased. (2) Uraniumin which
t he abundance of the 235U isotope is increased above nornal.

EPA Health Advisory -- An estinate of acceptable drinking water |evels
for a chem cal substance based on health effects information. A health
advisory is not a legally enforceable federal standard, but serves as

techni cal guidance to assist federal, state, and |local officials.

Equilibrium Radioactive -- In a radioactive series, the state which
prevails when the ratios between the activities of two or nore
successi ve nenbers of the series remai ns constant.

Secular Equilibrium-- If a parent elenment has a very nuch | onger
half-1ife than the daughters (so there is not appreciable change
inits anount in the tine interval required for |ater products to
attain equilibrium then, after equilibriumis reached, equa
nunbers of atons of all nmenbers of the series disintegrate in unit
time. This condition is never exactly attained, but is

essentially established in such a case as radiumand its series to
Radi um D. The half-life of radiumis about 1,600 years; of radon,
approxi mately 3.82 days, and of each of the subsequent nenbers, a
few mnutes. After about a nonth, essentially the equilibrium
anmount of radon is present; then (and for a long tine) all nenbers
of the series disintegrate the sane nunber of atons per unit tine.

Transient Equilibrium-- If the half-life of the parent is short
enough so the quantity present decreases appreciably during the
period under consideration, but is still |onger than that of
successi ve nenbers of the series, a stage of equilibriumw |l be
reached after which all nmenbers of the series decrease in activity
exponentially with the period of the parent. An exanple of this

is radon (half-life of approximately 3.82 days) and successive
menbers of the series to Radium D

Equilibrium Radiation -- The condition in a radiation field where the
energy of the radiations entering a volune equals the energy of the
radi ati ons | eavi ng that vol une.
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Equili brium Fraction (F) -- In radon-radon daughter equilibrium the
parents and daughters have equal radioactivity, that is, as many decay
into a specific nuclide as decay out. However, if fresh radon is
continually entering a volune of air or if daughters are | ost by
processes other than radi oactive decay, e.g., plate out or nigration out
of the volune, a disequilibriumdevel ops. The equilibriumfractionis a
measure of the degree of equilibriunfdisequilibrium The working-I|evel
definition of radon does not take into account the anpunt of
equilibrium The equilibriumfraction is used to estinmate working

| evel s based on neasurenent of radon only.

Excitation -- The addition of energy to a system thereby transferring
it fromits ground state to an excited state. Excitation of a nucleus,
an atom or a nolecule can result from absorption of photons or from
inelastic collisions with other particles. The excited state of an atom
is a nmetastable state and will return to ground state by radiation of

t he excess energy.

Exposure -- A neasure of the ionization produced in air by x or gamm
radiation. It is the sumof the electrical charges on all ions of one
sign produced in air when all electrons |iberated by photons in a vol une
element of air are conpletely stopped in air, divided by the mass of the
air in the volune el enent. The special unit of exposure is the

roent gen.

Fi ssion, Nuclear -- A nuclear transformation characterized by the
splitting of a nucleus into at |east two other nuclei and the rel ease of
a relatively | arge anount of energy.

Gamma Ray -- Short wavel ength el ectromagnetic radi ati on of nucl ear
origin (range of energy from1l0 keV to 9 MV).

Cenetic Effect of Radiation -- Inheritable change, chiefly nutations,
produced by the absorption of ionizing radiation by germcells. On the
basis of present know edge these effects are purely additive; there is
no recovery.

Gay (Gy) -- SI unit of absorbed dose. One gray equals 100 rad. (See
Units.)

Half-Life, Biological -- The tinme required for the body to elimnate
one-hal f of any absorbed substance by regul ar processes of elimination.
Approxi mately the sanme for both stable and radi oactive isotopes of a
particular element. This is sonmetines referred to as half-tine.

Hal f-Life, Effective -- Time required for a radioactive elenent in an
ani mal body to be di mnished 50% as a result of the conbined action of
radi oacti ve decay and bi ol ogi cal elimnation.
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Effective half-life: = Biological half-life x Radioactive half-life
Bi ol ogical half-life + Radioactive half-life

Hal f-1ife, Radioactive -- Tine required for a radioactive substance to
| ose 50% of its activity by decay. Each radi onuclide has a unique halflife.

| medi ately Dangerous to Life or Health (IDLH) -- The maxi num

envi ronnmental concentration of a contami nant from which one coul d escape
within 30 minutes without any escape-inpairing synptons or irreversible
health effects.

I mmunol ogi ¢ Toxicity -- The occurrence of adverse effects on the inmune
systemthat may result from exposure to environnental agents such as
chem cal s.

In Vitro -- Isolated fromthe living organismand artificially

mai ntai ned, as in a test tube.

In Vivo -- Cccurring within the living organism

Intensity -- Anmount of energy per unit tinme passing through a unit area

perpendi cular to the |ine of propagation at the point in question.

I ntermedi at e Exposure -- Exposure to a chemical for a duration of 15 to
364 days as specified in the Toxicol ogical Profiles.

Internal Conversion -- One of the possible nechanisns of decay fromthe
nmet astabl e state (isoneric transition) in which the transition energy is
transferred to an orbital electron, causing its ejection fromthe atom
The ratio of the nunmber of internal conversion electrons to the nunber
of ganma quanta emitted in the de-excitation of the nucleus is called
the "conversion ratio."

lon -- Atomic particle, atom or chem cal radical bearing a net
el ectrical charge, either negative or positive.

lon Pair -- Two particles of opposite charge, usually referring to the
el ectron and positive atonic or nol ecular residue resulting after the
interaction of ionizing radiation with the orbital electrons' of atons.

loni zation -- The process by which a neutral atomor nolecule acquires a
posi tive or negative charge.

Primary lonization -- (1) In collision theory: the ionization
produced by the primary particles as contrasted to the "total
i oni zati on" which includes the "secondary ionization" produced by
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delta rays. (2) In counter tubes: the total ionization produced
by incident radiation w thout gas anplification.

Specific lonization -- Nunber of ion pairs per unit |length of path
of ionizing radiation in a nedium e.g., per centineter of air or
per nicrometer of tissue,

Total lonization -- The total electric charge of one sign on the
i ons produced by radiation in the process of losing its kinetic
energy. For a given gas, the total ionization is closely
proportional to the initial ionization and is nearly independent
of the nature of the ionizing radiation. It is frequently used as
a neasure of radiation energy.

| oni zation Density -- Nunmber of ion pairs per unit vol une.

I oni zation Path (Track) -- The trail of ion pairs produced by ionizing
radiation in its passage through natter.

I sobars -- Nuclides having the sanme nass nunber but different atomc
nunbers.

I somers -- Nuclides having the same nunber of neutrons and protons but

capabl e of existing, for a neasurable time, in different quantum states
with different energies and radi oactive properties. Commonly the isoner
of hi gher energy decays to one with | ower energy by the process of
isoneric transition

| sotones -- Nuclides having the sane nunber of neutrons in their nucl ei

| sotopes -- Nuclides having the sane nunber of protons in their nuclei
and hence the sane atom c nunber, but differing in the nunber of
neutrons, and therefore in the mass nunber. Al nost identical cheni cal
properties exist between isotopes of a particular elenent. The term
shoul d not be used as a synonym for nucli de.

Stabl e I sotope -- A nonradi oactive isotope of an el enent.

Joule -- The unit for work and energy, equal to one newton expended
al ong a distance of one neter (1J=INxIm.

Label ed Conmpound -- A compound consisting, in part, of |abeled

nmol ecul es. That is nol ecul es including radionuclides in their
structure. By observations of radioactivity or isotopic conposition,
this conpound or its fragnments nmay be followed through physi cal

chem cal, or biological processes.
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Late Effects (of radiation exposure) -- Effects which appear 60 days or
more foll ow ng an acute exposure.
Let hal Concentration(,)(LC,) -- The |owest concentration of a chem ca

in air which has been reported to have caused death in hunans or
ani mal s.

Lethal Concentration(,) (LG -- The calculated concentration of a
chemical in air to which exposure for a specific length of tine is
expected to cause death in 50% of a defined | aboratory ani mal
popul ati on.

Let hal Dose(,), (LD -- The | owest dose of a chemical introduced by a
route other than inhalation that is expected to have caused death in
humans or ani nmal s.

Let hal Dose(,) (LD,) -- The dose of a chenical which has been
cal cul ated to cause death in 50% of a defined | aboratory ani mal
popul ati on.

Lethal Time(,) (LT,) -- A calculated period of tine within which a
specific concentration of a chemcal is expected to cause death in 50%
of a defined | aboratory ani mal popul ation.

Li near Energy Transfer (LET) -- The average anount of energy transferred
locally to the medium per unit of particle track |ength.
Low LET -- Radiation characteristic of electrons, x-rays, and
gamma rays.
H gh- LET -- Radiation characteristic of protons or fast neutrons.
Average LET -- is specified to even out the effect of a particle

that is slowi ng down near the end of its path and to allow for the
fact that secondary particles from photon or fast-neutron beans
are not all of the sane energy.

Lowest - Qbserved- Adverse- Ef fect Level (LOAEL) -- The | owest dose of

chem cal in a study, or group of studies, that produces statistically or
bi ol ogically significant increases in frequency or severity of adverse
effects between the exposed popul ation and its appropriate control.

Li near Hypothesis -- The assunption that a dose-effect curve derived
fromdata in the high dose and hi gh dose-rate ranges may be extrapol at ed
t hrough the | ow dose and | ow dose range to zero, inplying that,
theoretically, any anount of radiation will cause sone danage.
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Mal f ormati ons -- Permanent structural changes in an organi smthat may
adversely affect survival, devel opnent, or function.

Mass Nunmbers -- The nunber of nucl eons (protons and neutrons) in ths
nucl eus of an atom (Synbol: A

M nimal Risk Level -- An estimate of daily hunan exposure to a chem ca
that is likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.

Mut agen -- A substance that causes nmutations. A nutation is a change in
the genetic material in a body cell. Mutation can lead to birth
defects, mscarriages, or cancer.

Neurotoxicity -- The occurrence of adverse effects on the nervous system
foll ow ng exposure to cheni cal

Neutrino -- A neutral particle of very small rest mass originally
postul ated to account for the continuous distribution of energy anong
particles in the beta-decay process.

No- bserved- Adver se- Ef fect Level (NOAEL) -- The dose of chemical at
which there were no statistically or biologically significant increases
in frequency or severity of adverse effects seen between the exposed
popul ation and its appropriate control. Effects may be produced at this
dose, but they are not considered to be adverse.

Nucl eon -- Conmon nane for a constituent particle of the nucleus.
Applied to a proton or neutron

Nuclide -- A species of atomcharacterized by the constitution of its
nucl eus. The nucl ear constitution is specified by the nunber of protons
(2) | nunber of neutrons (N), and energy content; or, alternatively, by
the atom c nunber (Z), mass nunber A=(N+Z), and atom c mass. To be
regarded as a distinct nuclide, the atom nust be capable of existing for
a neasurable time. Thus, nuclear isoners are separate nuclides, whereas
pronptly decayi ng excited nucl ear states and unstable internediates in
nucl ear reactions are not so consi der ed.

Cctanol -Water Partition Coefficient (Kow) -- The equilibriumratio of
the concentrations of a chemcal in n-octanol and water, in dilute
sol ution.

Pair Production -- An absorption process for x and ganmma radiation in
whi ch the incident photon is annihilated in the vicinity of the nucl eus
of the absorbing atom w th subsequent production of an el ectron and
positron pair. This reaction only occurs for incident photon energies
exceeding 1.02 MeV.
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Parent -- A radionuclide which, upon disintegration, yields a specified
nuclide --either directly or as a |later nmenber of a radioactive series.

Photon -- A quantity of electromagnetic energy (E) whose value ir, joules
is the product of its frequency (v) in hertz and Planck constant (h).
The equation is: E=hv.

Phot oel ectric Effect -- An attenuation process observed for x- and
gamma- radiation in which an incident photon interacts with an orbital
el ectron of an atomdelivering all of its energy to produce a recoi

el ectron, but with no scattered photon.

Positron -- Particle equal in nmass to the electron (9.1091x10* kg) and
havi ng an equal but positive charge (+1.60210x10* Coul onbs). (See
El ectron).

Potential lonization -- The potential necessary to separate one el ectron
froman atom resulting in the formati on of an ion pair.

Power, Stopping -- A neasure of the effect of a substance upon the
kinetic energy of a charged particle passing through it.

Progeny -- The decay products resulting after a series of radioactive
decays. Progeny can al so be radioactive, and the chain continues until
a stable nuclide is forned.

Proton -- Elenentary nuclear particle with a positive electric charge
equal numerically to the charge of the electron and a rest mass of
1. 007277 mass units.

g,* -- The upper-bound estimate of the | ow dose slope of the doseresponse
curve as determ ned by the nultistage procedure. The g,* can
be used to cal culate an estimte of carcinogenic potency, the

i ncrenental excess cancer risk per unit of exposure (usually pg/L for
wat er, ng/kg/day for food, and pg/ni for air).

Quality -- Atermdescribing the distribution of the energy deposited by
a particle along its track; radiations that produce different densities
of ionization per unit intensity are said to have different "qualities.”

Quality Factor (QF) -- The linear-energy-transfer-dependent factor by
whi ch absorbed doses are nultiplied to obtain (for radiation protection
purposes) a quantity that expresses - on a common scale for all ionizing
radi ation - the effectiveness of the absorbed dose.

Rad -- The unit of absorbed dose equal to 0.01 J/kg in any nedium (See
Absor bed Dose.)
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Radi ation -- (1) The em ssion and propagati on of energy through space or
through a material nediumin the formof waves; for instance, the

em ssion and propagation of el ectromagnetic waves, or of sound and

el astic waves. (2) The energy propagated through space or through a
materi al medi um as waves; for exanple, energy in the form of

el ectromagneti c waves or of elastic waves. The termradiation or

radi ant energy, when unqualified, usually refers to electro-magnetic
radi ati on. Such radiation conmonly is classified, according to
frequency, as Hertzian, infra-red, visible (light), ultra-violet, X-ray
and gamma ray. (See Photon.) (3) By extension, corpuscul ar em ssion,
such as al pha and beta radi ation, or rays of mxed or unknown type, as
cosm c radiation.

Anni hi | ati on Radi ati on -- Photons produced when an el ectron and a
positron unite and cease to exist. The annihilation of a
positron-electron pair results in the production of two photons,
each of 0.51 MeV energy.

Background Radi ation -- Radiation arising fromradi oactive

mat eri al other than the one directly under consideration.
Background radi ati on due to cosmc rays and natural radioactivity
is always present. There may al so be background radi ati on due to
the presence of radioactive substances in other parts of the
building, in the building material itself, etc.

Characteristic (Discrete) Radiation -- Radiation originating from
an atom after renoval of an electron of excitation of the nucleus.
The wavel ength of the emtted radiation is specific, depending
only on the nuclide and particular energy |evels involved.

External Radiation -- Radiation froma source outside the body --
the radi ati on nmust penetrate the skin.

Internal Radiation -- Radiation froma.source within the body (as
a result of deposition of radionuclides in body tissues).

I oni zing Radiation -- Any electromagnetic or particulate radiation
capabl e of producing ions, directly or indirectly, in its passage
t hrough matter.

Monoenergetic Radiation -- Radiation of a given type (al pha, beta,
neutron, gamm, etc.) in which all particles or photons originate
with and have the sane energy.

Scattered Radi ation -- Radiation which during its passage through
a substance, has been deviated in direction. It may al so have
been nodified by a decrease in energy.
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Secondary Radi ation -- Radiation that results from absorption of
other radiation in natter. It may be either electromagnetic or
particul ate.

Radi oactivity -- The property of certain nuclides to spontaneously emt
particles or gamm radiation or x radiation follow ng orbital electron
capture or after undergoi ng spontaneous fission.

Artificial Radioactivity -- Man-made radi oactivity produced by
particle bonbardnment or el ectromagnetic irradiation, as opposed to
natural radioactivity.

I nduced Radi oactivity -- Radioactivity produced in a substance
after bonbardnment with neutrons or other particles. The resulting
activity is "natural radioactivity" if fornmed by nucl ear reactions
occurring in nature, and "artificial radioactivity" if the
reactions are caused by man.

Nat ural Radi oactivity -- The property of radioactivity exhibited
by nmore than 50 naturally occurring radionuclides.

Radi oi sotopes -- A radioactive atom c species of an elenent with the
sane atom c nunber and usually identical chem cal properties.

Radi onucl ide -- A radioactive species of an atom characterized by the
constitution of its nucleus.

Radi osensitivity -- Relative susceptibility of cells, tissues, organs,
organi sms, or any living substance to the injurious action of radiation.
Radi osensitivity and its antonym radioresistance, are currently used in
a comparative sense, rather than in an absol ute one.

Reaction (Nuclear) -- An induced nuclear disintegration, i.e., a process
occurring when a nucleus cones in contact with a photon, an el enentary
particle, or another nucleus. In nmany cases the reaction can be
represented by the synbolic equation: X+a-Y+b or, in abbreviated form
X(a,b) Y. Xis the target nucleus, a is the incident particle or

photon, b is an enitted particle or photon, and Y is the product

nucl eus.

Ref erence Dose (RfD) -- An estimate (with uncertainty spanni ng perhaps
an order of magnitude) of the daily exposure of the hunman population to
a potential hazard that is likely to be without risk of deleterious
effects during a lifetinme. The RFD is operationally derived fromthe
NQAEL (from ani nal and human studi es) by a consistent application of
uncertainty factors that reflect various types of data used to estimate
Rf Ds and an additional nodifying factor, which is based on a



179
9. GLOSSARY

prof essi onal judgnment of the entire database on the chemical. The RfDs
are not applicable to nonthreshold effects such as cancer.

Rel ati ve Biol ogical Effectiveness (RBE) -- The RBE is a factor used to
conmpare the biological effectiveness of absorbed radiati on doses (i.e.,
rad) due to different types of ionizing radiation. Mre specifically,
it is the experinmentally determned ratio of an absorbed dose of a
radiation in question to the absorbed dose of a reference radi ation
required to produce an identical biological effect in a particular
experimental organismor tissue. NOTE: This termshould not be used in
radi ati on protection. (See Quality Factor.)

Rem -- A unit of dose equivalent. The dose equivalent inremis
nunmerically equal to the absorbed dose in rad nultiplied by the quality
factor, the distribution factor, and any ot her necessary nodi fying
factors.

Reportable Quantity (RQ -- The quantity of a hazardous substance that
is considered reportable under CERCLA. Reportable quantities are (1) 1
Ib or greater or (2) for selected substances, an anmpunt established by
regul ati on either under CERCLA or under Section 311 of the C ean Water
Act. Quantities are measured over a 24-hour period.

Reproductive Toxicity -- The occurrence of adverse effects on the
reproductive systemthat nay result from exposure to a chemical. The
toxicity may be directed to the reproductive organs and/or the rel ated
endocri ne system The manifestation of such toxicity may be noted as
alterations in sexual behavior, fertility, pregnancy outcones, or

nodi fications in other functions that are dependent on the integrity of
this system

Roentgen (R) -- A unit of exposure for photon radiation. One roentgen
equal s 2.58x10" Coul onb per kil ogram of air.

Short-Term Exposure Limt (STEL) -- The maxi mum concentration to which
wor kers can be exposed continually for up to 15 minutes. No nore than
four excursions are allowed per day, and there nust be at |east 60

m nut es between exposure periods. The daily TLV-TWA may not be
exceeded.

SI Units -- The International Systemof Units as defined by the General
Conf erence of Wi ghts and Measures in 1960. These units are generally
based on the neter/kil ogranfsecond units, with special quantities for
radi ati on including the becquerel, gray, and sievert.

Si ckness, Radiation -- (Radiation Therapy): A self-limted syndrone
characteri zed by nausea, vomting, diarrhea, and psychi c depression
foll owi ng exposure to appreciabl e doses of ionizing radiation,
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particularly to the abdom nal region. Its mechanismis unknown and
there is no satisfactory renedy. It usually appears a few hours after
irradiation and may subside within a day. It may be sufficiently severe
to necessitate interrupting the treatnent series or to incapacitate the
patient. (General): The syndrome associated with intense acute

exposure to ionizing radiations. The rapidity with which synptons
devel op is a rough neasure of the |evel of exposure.

Sievert -- The SI unit of radiation dose equivalent. It is equal to
dose in grays tines a quality factor tines other nodifying factors, for
exanple, a distribution factor; 1 sievert equals 100 rem

Specific Activity -- Total activity of a given nuclide per gramof an
el ement .
Specific Energy -- The actual energy per unit mass deposited per unit

volume in a given event. This is a stochastic quantity as opposed to
t he average val ue over a |large nunber of instance (i.e., the absorbed
dose).

Standard Mortality Ratio (SMR) -- Standard nortality ratio is the ratio
of the disease or accident nortality rate in a certain specific

popul ati on conpared with that in a standard popul ation. The ratio is
based on 200 for the standard so that an SVMR of 100 neans that the test
popul ation has twice the nortality fromthat particular cause of death.

St oppi ng Power -- The average rate of energy loss of a charged particle
per unit thickness of a material or per unit nmass of material traversed.

Sur f ace- seeki ng Radi onuclide -- A bone-seeking internal emtter that is
deposited and remains on the surface for a long period of time. This
contrasts with a vol une seeker, which deposits nmore uniformy throughout
t he bone vol une.

Target Organ Toxicity -- This termcovers a broad range of adverse
effects on target organs or physiol ogical systems (e.g., renal

cardi ovascul ar) extending fromthose arising through a single limted
exposure to those assuned over a lifetine of exposure to a chem cal

Target Theory (Ht Theory) -- A theory expl aining sone bi ol ogi cal
effects of radiation on the basis that ionization, occurring in a
di screte volunme (the target) within the cell, directly causes a | esion

whi ch subsequently results in a physiological response to the danage at
that | ocation. One, two, or nore "hits" (ionizing events within the
target) may be necessary to elicit the response.

Terat ogen -- A chemical that causes structural defects that affect the
devel oprment of a fetus.
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Threshold Linmt Value (TLV) -- An allowabl e exposure concentration
averaged over a nornmal 8-hour workday or 40-hour workweek.

Toxic Dose (TD,) -- A calculated dose of a chem cal, introduced by a
route other than inhalation, which is expected to cause e specific toxic
effect in 50% of a defined | aboratory ani mal popul ati on.

Transformati on, Nuclear -- The process by which a nuclide is transforned
into a different nuclide by absorbing or enitting a particle.

Transition, |Isonmeric -- The process by which a nuclide decays to an

i soneric nuclide (i.e., one of the same mass nunber and atom ¢ nunber)
of | ower quantum energy. Ilsoneric transitions, often abbreviated I.T.,
proceed by gamma ray and/or internal conversion el ectron emni ssion

Tritium-- The hydrogen i sotopes with one proton and two neutrons in the
nucl eus (Synbol: 3H or T).

Unattached Fraction -- That fraction of the radon daughters, usually

*po (Radi um A), which has not yet attached to a particle. As a free

atom it has a high probability of being retained within the Iung and
depositing al pha energy when it decays.

Uncertainty Factor (UF) -- A factor used in operationally deriving the
Rf D from experinental data. Urs are intended to account for (1) the
variation in sensitivity anong the nenbers of the human popul ation, (2)
the uncertainty in extrapolating animal data to the case of human, (3)
the uncertainty in extrapolating fromdata obtained in a study that is
of less than lifetime exposure, and (4) the uncertainty in using LOAEL
data rather than NOAEL data. Usually each of these factors is set equal
to 10.

Units, Radiol ogical --

Units Equi val ent s

Becquerel - * 1 Bg - 1 disintegration per second - 2.7x10" G
Curie 1 G - 3.7x10" disintegrations per second = 3.7x10%
Bq

G ay* 1 Gr =1J/kg - 100 rad

Rad 1 Rad - 100 erg/g = 0.01 &

Rem 1 Rem= 0.01 Sievert

Si evert* 1 sv = 100 rem

*International Units are designated (Sl).
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Wor ki ng Level (W) -- Any conbination of short-lived radon daughters in
1 liter of air that will result in the ultimate em ssion of 1.3x10° MeV
of potential al pha energy.
Wor ki ng Level Month (WM -- Inhalation of air with a concentration of 1

WL of radon daughters for 170 working hours results in an exposure of 1
W.M

X-rays -- Penetrating el ectromagnetic radi ati ons whose wave | engths are
shorter than those of visible light. They are usually produced by
bombarding a netallic target with fast electrons in a high vacuum 1In
nucl ear reaction, it is customary to refer to photons originating in the
extranucl ear part of the atomas X-rays. These rays are sonetines

called roentgen rays after their discoverer, WC. Roentgen
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PEER REVI EW

A peer review panel was assenbled for plutonium The panel
consi sted of the followi ng nenbers: Dr. Doninic Catal do, Staff
Scientist, Environnental Science Departnent, Battelle Northwest,
Ri chl and, Washi ngton; Dr. |ngeborg Hardi ng-Barl ow, Consultant,
Envi ronnment al and COccupationai Toxicol ogy, Palo Alto, California; Dr.
John Harley, private consultant; and Dr. Laurence Hol |l and, Program
Manager, Industrial Hygi ene Group, Los Al anps National Laboratory, Los
Al anbs, New Mexi co. These experts coll ectively have know edge of
radon' s physical and chemical properties, toxicokinetics, key health end
poi nts, nechani snms of action, human and ani mal exposure, and
quantification of risk to humans. All reviewers were selected in
conformty with the conditions for peer review specified in Section
104(i)(13) of the Conprehensive Environnmental Response, Conpensation,
and Liability Act of 1986, as anended.

A joint panel of scientists,from ATSDR and EPA has revi ewed the
peer reviewers' coments and determ ned which comments will be included
inthe profile. Alisting of the peer reviewers' comrents not
incorporated in the profile, with a brief explanation of the rationale
for their exclusion, exists as part of the adm nistrative record for
this conpound. A list of databases reviewed and a |list of unpublished
documents cited are also included in the admnistrative record.

The citation of the peer review panel should not be understood to
inmply its approval of the profile's final content. The responsibility
for the content of this profiie lies with the Agency for Toxic
Subst ances and Di sease Regi stry.
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OVERVI EW OF BASI C RADI ATI ON PHYSI CS, CHEM STRY AND BI OLOGY

Under st andi ng the basic concepts in radiation physics, chemistry.
and biology is inportant to the evaluation and interpretation of
radi ati on-i nduced adverse health effects and to the derivation of
radi ati on protection principles. This appendi x presents a bri ef
overvi ew of the areas of radiation physics, chem stry, and biol ogy and
is based to a large extent on the reviews of Mettler and Msel ey (1985),
Hobbs and McClellan (1986), Eichholz (1982), Hendee (1973), and Early et
al. (1979).

B. 1 RADI ONUCLI DES AND RADI OACTI VI TY

The substances we call elements are conposed of atonms. Atoms in
turn are nade up of neutrons, protons, and el ectrons; neutrons and
protons in the nucleus and electrons in a cloud of orbits around the
nucl eus. Nuclide is the general termreferring to any nucl eus al ong
with its orbital electrons. The nuclide is characterized by the
conposition of its nucleus and hence by the nunber of protons and
neutrons in the. nucleus. Al atons of an el ement have the sane nunber
of protons (this is given by the atom ¢ nunber) but may have different
nunbers of neutrons (this is reflected by the atonic nass or atonic
wei ght of the elenment). Atons with different atom c mass but the sane
atom c nunbers are referred to as isotopes of an el enment.

The numerical combination of protons and neutrons in nost nuclides
is such that the atomis said to be stable; however, if there are too
few or too many neutrons, the nucleus of the atomis unstable. Unstable
nucl i des undergo a process referred to as radi oactive transformation in
whi ch energy is emtted. These unstable atons are called radi onuclides;
their em ssions are called ionizing radiation; and the whole property is
called radioactivity. Transformation or decay results in the fornation
of new nuclides sone of which may thensel ves be radi onuclides, while
others are stable nuclides. This series of transformations is called
t he decay chain of the radionuclide. The first radionuclide in the
chain is called the parent; the subsequent products of the
transformation are call ed progeny, daughters, or decay products.

In general there are two classifications of radioactivity and
radi onucl i des: natural and man-made. Naturally-occurring radi onuclides
exi st in nature and no additional energy is necessary to place themin
an unstable state. Natural radioactivity is the property of sone
natural ly occurring, usually heavy el enents, that are heavier than |ead.
Radi onucl i des, such as radiumand uranium primrily emt al pha
particles. Some lighter elenents such as carbon-14 and tritium
(hydrogen-3) primarily enmit beta particles as they transformto a nore
stabl e atom Natural radioactive atons heavier than | ead cannot attain
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a stable nucl eus heavier than | ead. Everyone is exposed to background
radi ati on fromnaturally-occurring radionuclides throughout life. This
background radiation is the major source of radiation exposure to man
and arises from several sources. The natural background exposures are
frequently used as a standard of conparison for exposures to various
man- made sources of ionizing radiation.

Man- made radi oactive atoms are produced either as a by-product of
fission of uraniumatons in a nuclear reactor or by bonbardi ng stable
atons with particles, such as neutrons, directed at the stable atons
with high velocity. These artificially produced radi oactive el ements
usual | y decay by em ssion of particles, such as positive or negative
beta particles and one or nore high energy photons (gamra rays).

Unst abl e (radi oactive) atons of any el enment can be produced.

Both naturally occurring and man-nmade radi oi sotopes find
application in medicine, industrial products, and consumer products.
Sone specific radioisotopes, called fall-out, are still found in the
environnment as a result of nuclear weapons use or testing.

B. 2 RADI OACTI VE DECAY
B.2.1 Principles of Radioactive Decay

The stability of an atomis the result of the balance of the forces
of the various conponents of the nucleus. An atomthat is unstable
(radionuclide) will release energy (decay) in various ways and transform
to stable atons or to other radioactive species called daughters, often
with the release of ionizing radiation. If there are either too nmany or
too few neutrons for a given nunber of protons, the resulting nucl eus
may undergo transformation. For sonme el enments, a chain of daughter
decay products may be produced until stable atons are forned.

Radi onucl i des can be characterized by the type and energy of the
radiation enmitted, the rate of decay, and the node of decay. The node
of decay indicates how a parent conmpound undergoes transformation

Radi ati ons considered here are primarily of nuclear origin, i.e., they
arise fromnucl ear excitation, usually caused by the capture of charged
or uncharged nucl eons by a nucleus, or by the radi oactive decay or
transformati on of an unstabl e nuclide. The type of radiation, my be
categori zed as charged or uncharged particles (el ectrons, neutrons,
neutrinos, alpha particles, beta particles, protons, and fission
products) or electromagnetic radiation (ganma rays and X-rays). Table
B-1 summari zes the basic characteristics of the nore conmon types of
radi ati on encount ered.

B.2.2 Hal f-Life and Activity

For any given radionuclide, the rate of decay is a first-order
process that depends on the nunber of radioactive atons present and is
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TABLE B-1. Characteristics of Nuclear Radiations
Path Length
Typical (Order of Magnitude)
Radiation Rest Mass Charge Energy Range Air Solid General Comments
' 4.00 amu 2+ 4-10 MeV 5-10 c¢cm 25-40 um Identical to ionized He
nucleus
B 5.48x10"% amu - 0-4 MeV 0-1m 0-1 cm Identical to electron
(negatron) 0.51 MeV
Positron 5.48x10"% amu + - 0-1m 0-1 cm Identical to electron
(B positive) 0.51 MeV except for charge
Proton 838.26 MeV + - - - -
1.0073 amu
Neutron 1.0086 amu 0 0-15 MeV 0-100 m 0-100 cm Free half life: 16 min
939.55 MeV
X - 0 eV-100 keV 0.1-10 m® 0~1 m® Photons from electron
(e.m. photon) transitions
Y - 0 10 KeV-3 MeV 0.1-10 m® 1 mm-1m Photons from nuclear

(e.m. photon)

transitions

2Exponential attenuation in the case of

« = alpha
B = beta
X = X-ray
y= gamma

amu = atomic mass unit
MeV = Mega electron volts
KeV = Kiloelectron volts

cm = centimeter

m = meter

pm = micrometer
mm = millimeter

e.m. = electromagnetic

electromagnetic radiation.
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characteristic for each radi onuclide. The process of decay is a series of
random events; tenperature, pressure, or chem cal conbinations do not effect
the rate of decay. While it may not be possible to predict exactly which atom
is going to undergo transformation at any given tinme, it is possible to
predict, on the average, how many atoms will transform during any interval of
tinme.

The source strength is a neasure of the rate of enission of radiation.
For these radioactive materials it is customary to describe the source
strength in ternms of the source activity, which is defined as the nunber of
di sintegrations (transformations) per unit time occurring in a given quantity
of this material. The unit of activity is the curie (G) which was originally
related to the activity of one gram of radium but is now defined as:

1 curie (G) = 3.7x10"“disintegrations (transformations)/second (dps) or
2.22x10" disintegrations (transformations)/mnute (dpm.

The SI unit of activity is the becquerel (Bg); 1 Bgq =1
transformati on/ second. Since activity is proportional to the nunber of atons
of the radioactive naterial, the quantity of any radi oactive nmaterial is
usual Iy expressed incuries, regardless of its purity or concentration. The
transformati on of radioactive nuclei is a random process, and the rate of
transformation is directly proportional to the nunber of radioactive atons
present. For any pure radioactive substance, the rate of decay is usually
described by its radiological half-life, T, i.e., thetinme it takes for a

R

specified source naterial to decay to half its initial activity.

The activity of a radionuclide at time t nay be cal cul ated by:

A:Aoe-OA 6931/Tr ad

where Ais the activity in dps, A is the activity at time zero, t is the
time at which neasured, and Tred is the radiological half-life of the
radionuclide. It is apparent that activity exponentially decays with tine.
The tinme when the activity of a sanple of radioactivity becones one-half its
original value is the radioactive half-life and is expressed in any suitable
unit of tine.

The specific activity is the radioactivity per unit weight of naterial.
This activity is usually expressed in curies per gramand may be cal cul at ed

by

curies/gram- 1.3x10% (T, (atonic weight)

where T, is the radiological half-life in days.

In the case of radioactive materials contained in living organisns, an
addi ti onal consideration is made for the reduction in observed activity due

to regul ar processes of elinmination of the respective chemnical or biochenical
substance fromthe organism This introduces a rate constant called the
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biological half-life (T,,) which is the tinme required for biol ogical
processes to elimnate one-half of the activity. This tine is virtually the
same for both stable and radi oactive isotopes of any given el enent.

Under such conditions the time required for a radi oactive elenent to be
hal ved as a result of the combi ned action of radioactive decay and bi ol ogi cal
elimnation is the effective half-life:

T, — (Thiol X T, )/(T,, + T.)-

bi ol
Tabl e B-2 presents representative effective half-lives of particul ar
i nterest.

B-2.3 Interaction of Radiation with Matter

Both ionizing and nonionizing radiation will interact with material s,
that is, it will |lose kinetic energy to any solid, liquid or gas through
which it passes by a variety of nechanisns. The transfer of energy to a
medi um by either el ectromagnetic or particulate radiation nmay be sufficient
to cause formation of ions. This process is called ionization. Conpared to
other types of radiation that may be absorbed, such as ultraviolet radiation,
ionizing radiation deposits a relatively |large anount of energy into a snal
vol une.

The nethod by which incident radiation interacts with the nmediumto
cause ionization may be direct or indirect. Electronagnetic radiations (X-
rays and gamma photons) are indirectly ionizing; that is, they give up their
energy in various interactions with cellular nolecules, and the energy is
then utilized to produce a fast-noving charged particle such as an el ectron.
It is the electron that then secondarily may react with a target nol ecule.
Charged particles, in contrast, strike the tissue or nmediumand directly
react with target nol ecul es, such as oxygen or water. These particul ate
radi ations are directly ionizing radiations. Exanples of directly ionizing
particles include al pha and beta particles. Indirectly ionizing radiations
are always nore penetrating than directly ionizing particul ate radi ati ons.

Mass, charge, and velocity of a particle all affect the rate at which
i oni zation occurs. The higher the charge of the particle and the | ower the
velocity, the greater the propensity to cause ionization. Heavy, highly
charged particles, such as al pha particles, |ose energy rapidly with di stance
and, therefore, do not penetrate deeply. The result of these interaction
processes is a gradual slow ng down of any incident particle until it is
brought to rest or "stopped" at the end of its range.

B.2.4 Characteristics of Emtted Radi ati on

B.2.4.1 Alpha Emission. In al pha em ssion, an al pha particle consisting
of two protons and two neutrons is emtted with a resulting decrease in the
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TABLE B-2. Half-Lives of Some Radionuclides in Adult Body Organs

Half-Life®

Radionuclide Critical Organ Physical Biological Effective
Hydrogen- 3P Whole body 12.3 y 12 d 11.97d
(Tritium)
Iodine-131 Thyroid 8 d 138 d 7.6 d
Strontium-90 Bone 28 y 50 y 18 vy
Plutonium-239 Bone 24,400 vy 200 y 198 vy

Lung 24,400 vy 500 d 500 d
Cobalt-60 Whole body 5.3y 99.5 d 9.5 d
Iron-55 Spleen 2.7y 600 d 388 d
Iron-59 Spleen 45.1 d 600 d 41.9 d
Manganese-54 Liver 303 d 25 d 23 d
Cesium-137 Whole body 30 y 70 d 70 d

8d = days, y = years.
®Mixed in body water as tritiated water.
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atom ¢ mass nunber by four and reduction of the atom c nunber by two, thereby
changing the parent to a different elenment. The al pha particle is identical
to a helium nucl eus consisting of two neutrons and two protons. It results
fromthe radi oactive decay of sonme heavy el enments such as urani um pl utonium
radium thorium and radon. Al pha particles have a | arge nass as conpared to
el ectrons. Decay of al pha-emtting radionuclides may result in the em ssion
of several different alpha particles. A radionuclide has an al pha em ssion
with a discrete al pha energy and characteristic pattern of al pha energy

em tted.

The al pha particle has an electrical charge of +2. Because of this
doubl e positive charge, al pha particles have great ionizing power, but their
|arge size results in very little penetrating power. In fact, an al pha
particle cannot penetrate a sheet of paper. The range of an al pha particle,
that is, the distance the charged particle travels fromthe point of origin
toits resting point, is about 4 cmin air, which decreases considerably to a
few microneters in tissue. These properties cause al pha enmitters to be
hazardous only if there is internal contam nation (i.e., if the radi onuclide
is ingested, inhaled, or otherw se absorbed).

B.2.4.2. Beta Em ssion.Nuclei which are exeessively neutron rich

decay by B-decay. A beta particle (B) is a high-velocity electron ejected
froma disintegrating nucleus. The particle nay be either a negatively

charged electron, ternmed a negatron (p-) or a positively charged el ectron
termed a positron (p+). Although the precise definition of "beta eni ssion”

refers to both B- and B+, common usage of the termgenerally applies only to
t he negative particle, as distinguished fromthe positron em ssion, which

refers to the p+ particle.

B.2.4.2.1 Beta Negative Em ssion. Beta particle (B-) emssion is
anot her process by which a radionuclide, usually those with a neutron excess,
achi eves stability. Beta particle em ssion decreases the nunber of neutrons
by one and increases the nunber of protons by one, while the atom c nass
remai ns unchanged. This transformation results in the fornmation of a
different elenment. The energy spectrum of beta particle enission ranges from
a certain maxi num down to zero with the nean energy of the spectrum being
about one-third of the maximum The range in tissue is nmuch |ess. Beta
negative emtting radi onuclides can cause injury to the skin and superficial
body tissues but nostly present an internal contamni nation hazard.

B.2.4.2.2 Positron Em ssion. In cases in which there are too many
protons in the nucleus, positron em ssion may occur. In this case a proton

may be thought of as being converted into a neutron, and a positron (p+) is

em tted, acconpanied by a neutrino (see glossary). This increases the nunber
of neutrons by one, decreases the nunber of protons by one, and again |eaves
t he atom c mass unchanged. The gamma radi ation resulting fromthe

anni hilation (see glossary) of the positron nakes all positron emtting
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i sotopes nore of an external radiation hazard than pure i3 emtters of equal
energy.

B.2.4.2.3 Gacmma Eni ssi on. Radi oactive decay by al pha, beta, positron
em ssion or electron capture often | eaves sone of the energy resulting from
t hese changes in the nucleus. As a result, the nucleus is raised to an
excited [ evel. None of these excited nuclei can remain in this high-energy
state. Nuclei release this energy returning to ground state or to the | owest
possi bl e stable energy level. The energy released is in the formof gama
radi ati on (high energy p' hotons) and has an energy equal to the change in the
energy state of the nucleus. Ganma and X-rays behave sinmilarly but differ in
their origin; ganma em ssions originate in the nucleus while X-rays originate
in the orbital electron structure

B. 3 ESTI MATI ON OF ENERGY DEPOSI TI ON I N HUMAN Tl SSUES

Two forns of potential radiation exposures can result -- internal and
external. The term exposure denotes physical interaction of the radiation
emtted fromthe radioactive material with cells and tissues of the human
body. An exposure can be "acute" or "chronic" depending on how | ong an
i ndi vidual or organ is exposed to the radiation. Internal exposures occur
when radi onucl i des, which have entered the body (e.g., through the
i nhal ati on, ingestion, or dermal pathways), undergo radioactive decay
resulting in the deposition of energy to internal organs. External exposures
occur when radiation enters the body directly from sources | ocated outside
the body, such as radiation emtters fromradi onuclides on ground surfaces,
dissolved in water, or dispersed in the air. In general, external exposures
are frommaterial enmitting ganma radi ati on, which readily penetrate the skin
and internal organs. Beta and al pha radi ation fromexternal sources are far
| ess penetrating and deposit their energy primarily on the skin's outer
| ayer. Consequently, their contribution to the absorbed dose of the total
body dose, conpared to that deposited by gamma rays, nay be negligible.

Characterizing the radi ati on dose to persons as a result of exposure to
radiation is a conplex issue. It is difficult to: (1) neasure internally the
anmount of energy actually transferred to an organic nmaterial and to correl ate
any observed effects with this energy deposition; and (2) account for and
predi ct secondary processes, such as collision effects or biologically
triggered effects, that are an indirect consequence of the primary
interaction event.

B.3.1 Dose Units

B.3.1.1 Roentgen. The roentgen (R) is a unit of exposure related to the
anount of ionization caused in air by gamma or x-radi ation. One roentgen
equal s 2.58x10" Coul omb per kilogramof air. In the case of ganmma radiation,
over the comonly encountered range of photon energy, the energy deposition
in tissue for a dose of 1 Ris about 0.0096 joules(J)/kg of tissue.
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B.3. 1.2 Absorbed Dose and Absorbed Dose Rate. Since different types of
radiation interact differently with any material through which they pass, any
attenpt to assess their effect on hunmans or animals should take into account
t hese differences. The absorbed dose is defined as the energy inparted by the
incident radiation to a unit mass of the tissue or organ. The unit of
absorbed dose is the rad; 1 rad - 100 erg/gram- 0.01 J/kg in any nedium The
SI unit is the gray which is equivalent to 100 rad or 1 J/kg. Internal and
external exposures fromradiation sources are not usually instantaneous but
are distributed over extended periods of tinme. The resulting rate of change
of the absorbed dose to a small volunme of mass is referred to as the absorbed
dose rate in units of rad/unit tine.

B.3.1.3 Wrking Levels and Wrking Level Mnths. Wrking |levels are
units that have been used to describe the radon decay-product activities in
air in ternms of potential alpha energy. It is defined as any conbi nati on of
short-lived radon daughters (through pol oni um 214) per liter of air that wll
result in the em ssion of 1.3x10°MeV of al pha energy. An activity
concentration of 100 pG radon-222/L of air, in equilibriumwth its
daughters, corresponds approximately to a potential al pha-energy
concentration of 1 W.. The W. unit can al so be used for thoron daughters. In
this case, 1.3x10° MeV of al pha energy (1 W) is released by the thoron
daughters in equilibriumwith 7.5 pG thoron/L. The potential al pha energy
exposure of nminers is comonly expressed in the unit Wrking Level Mnth
(WM. One WM corresponds to exposure to a concentration of 1 W. for the
ref erence period of 170 hours,

B. 3.2 Dosinetry Mdel s

Dosinetry nodels are used to estimate the internally deposited dose
from exposure to radi oactive substances. The nodels for internal dosinetry
consider the quantity of radionuclides entering the body, the factors
affecting their novenent or transport through the body, distribution and
retention of radionuclides in the body, and the energy deposited in organs
and tissues fromthe radiation that is emtted during spontaneous decay
processes. The nodels for external dosinmetry consider only the photon doses
to organs of individuals who are imersed in air or are exposed to a
contam nated ground surface. The dose pattern for radioactive materials in
t he body may be strongly influenced by the route of entry of the material.
For industrial workers, inhalation of radioactive particles with pul nonary
deposition and puncture wounds with subcut aneous deposition have been the
nost frequent. The general popul ati on has been exposed via ingestion and
i nhal ation of low levels of naturally occurring radionuclides as well as man-
produced radi onuclides from nucl ear weapons testing.

B.3.2.1 Ingestion. Ingestion of radioactive materials is nost likely to
occur from contam nated foodstuffs or water or eventual ingestion of inhaled
conpounds initially deposited in the lung. Ingestion of radioactive materi al
may result in toxic effects as a result of either absorption of the
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radi onuclide or irradiation of the gastrointestinal tract during passage
through the tract, or a combination of both. The fraction of a radioactive
mat eri al absorbed fromthe gastrointestinal tract is variable, depending on
the specific elenment, the physical and chemical formof the naterial

i ngested, and the diet, as well as sonme other netabolic and physi ol ogi cal
factors. The absorption of sonme elenents is influenced by age usually with
hi gher absorption in the very young.

B.3.2.2 Inhalation. The inhalation route of exposure has | ong been
recogni zed as being of najor inportance for both nonradioactive and
radi oactive materials. The deposition of particles within the lung is
| argel y) dependent upon the size of the particles being inhaled. After the
particle is deposited, the retention will depend upon the physical and
chem cal properties of the dust and the physiol ogical status of the lung. The
retention of the particle in the |ung depends on the | ocation of deposition
in addition to the physical and chemical properties of the particles. The
converse of pulnonary retention is pulnonary clearance. There are three
di stinct mechani sms of cl earance which 'operate sinmultaneously. Cliary
clearance acts only in the upper respiratory tract. The second and third
mechani sns act mainly in the deep respiratory tract. These are phagocytosis
and absorption. Phagocytosis is the engulfing of foreign bodies by alveolar
macr ophages and their subsequent renoval either up the ciliary "escalator" or
by entrance into the |ynphatic system Some inhaled soluble particulates are
absorbed into the bl ood and translocated to other organs and tissues.
Dosi metric lung nodels are reviewed by Janes (1987) and Janes and Roy (1987).

B.3.3 Internal Emtters

The absorbed dose frominternally deposited radi oi sotopes is the energy
absorbed by the surrounding tissue. For a radioisotope distributed uniformy
t hroughout an infinitely |arge nmedium the concentration of absorbed energy
must be equal to the concentration of energy emtted by the isotope. An
infinitely large nmedium may be approxi mated by a tissue nass whose di nensi ons
exceed the range of the particle. Al alpha and nost beta radiation will be
absorbed in the organ (or tissue) of reference. Gammma-enitting isotope
em ssions are penetrating radiation and a substantial fraction nmay travel
great distances within tissue, leaving the tissue without interacting. The
dose to an organ or tissue is a function of the effective retention half-
time, the energy released in the tissue, the amount of radioactivity
initially introduced, and the mass of the organ or tissue.

B. 4 Bl OLOG CAL EFFECTS OF RADI ATI ON

When biological material is exposed to ionizing radiation, a chain of
cellular events occurs as the ionizing particle passes through the biol ogica
mat erial. A nunber of theories have been proposed to describe the interaction
of radiation with bioiogically inmportant nmolecules in cells and to explain
the resulting danmage to biol ogical systens fromthose interactions. Mny
factors
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may nodify the response of a living organismto a given dose of radiation
Factors related to the exposure include the dose rate, the energy of the

radi ati on, and the tenporal pattern of the exposure. Biological

consi derations include factors such as species, age, sex, and the portion of
t he body exposed. Several excellent reviews of the biological effects of

radi ati on have been published, and the reader is referred to these for a nore
i n-dept h di scussi on (Hobbs and McClellan 1986; | CRP 1984; Mttler and Mosel ey
1985; Rubin and Casarett 1968).

B.4.1 Radiation Effects at the Cellular Level
According to Mettler and Mosel ey (1985), at acute doses up to 10 rad

(100 nGy), single strand breaks in DNA may be produced. These single strand
breaks may be repaired rapidly. Wth doses in the range of 50 to 500 rad (0.5

to 5 Q) , irreparable doubl e-stranded DNA breaks are likely, resulting in
cellular reproductive death after one or nore divisions of the irradiated
parent cell. At large doses of radiation, usually greater than 500 rad (5

Gy), direct cell death before division (interphase death) may occur fromthe
direct interaction of free-radicals with essentially cellular nmacronol ecul es.
Mor phol ogi cal changes at the cellular |evel, the severity of which are dose-
dependent, may al so be observed.

The sensitivity of various cell types varies. According to the
Ber goni e- Tribondeau | aw, the sensitivity of cell lines is directly
proportional to their mtotic rate and inversely proportional to the degree
of differentiation (Mettler and Mosel ey 1985). Rubin and Casarett (1968)
devi sed a classification systemthat categorized cells according to type,
function, and mitotic activity. The categories range fromthe nost sensitive
type, "vegetative intermitotic cells,” found in the stemcells of the bone
marrow and the gastrointestinal tract, to the | east sensitive cell type,
"fixed postmtotic cells,” found in striated nuscles or |ong-lived neural
tissues.

Cel lul ar changes may result in cell death, which if extensive, may
produce irreversi ble danage to an organ or tissue or nay result in the death
of the individual. If the cell recovers, altered nmetabolismand function may
still occur, which nmay be repaired or may result in the manifestation of
clinical synptonms. These changes nmay al so be expressed at a later tinme as
tunors or nutations.

B.4.2 Radiation Effects at the Organ Leve

In nost organs and tissues the injury and the underlying mechani sm for
that injury are conplex and may invol ve a conbi nation of events. The extent
and severity of this tissue injury are dependent upon the radiosensitivity of
the various cell types in that organ system Rubin and Casarett (1968)
descri be and schematically display the events follow ng radiation in severa
organ systemtypes. These include: a rapid renewal system such as the
gastrointestinal nmucosa; a slow renewal system such as the pul nonary
epithelium and a nonrenewal system such as neural or mnuscle tissue. In the
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rapid renewal system organ injury results fromthe direct destruction of

hi ghly radi osensitive cells, such as the stemcells in the bone marrow.
Infjury may also result fromconstriction of the microcirculation and from
edema and i nflammati on of the basenent nenbrane (designated as the

hi stohematic barrier - HHB), which may progress to fibrosis. In slow renewal
and nonrenewal systens, the radiation may have little effect on the
parenchynal cells, but ultimte parenchymal atrophy and death over severa
months result fromHHB fibrosis and occlusion of the mcr3circul ation.

B.4.3 Acute and Chronic Somatic Effects

B.4.3.1 Acute Effects. The result of acute exposure to radiation is
commonly referred to as acute radiation syndrome. This effect is seen only
after exposures to relatively high doses (>50 rad), which would only be
expected to occur in the event of a serious nuclear accident. The four stages
of acute radiation syndrone are prodronme, |atent stage, nmanifest illness
stage, recovery or death. The initial phase is characterized by nausea,
vom ting, nalaise and fatigue, increased tenperature, and bl ood changes. The
|atent stage is simlar to an incubation period. Subjective synptons may
subsi de, but changes may be taking place within the bl ood-form ng organs and
el sewhere which will subsequently give rise to the next stage. The mani f est
illness stage gives rise to synptons specifically associated with the
radiation injury. Anong these synptons are hair |oss, fever, infection
henorrhage, severe diarrhea, prostration, disorientation, and cardi ovascul ar
col | apse. The synptons and their severity depend upon the radiati on dose
received.

B.4.3.2 Delayed Effects. The | evel of exposure to radioactive
pol lutants that may be encountered in the environnent is expected to be too
lowto result in the acute effects descri bed above. When one is exposed to
radiation in the environment, the anount of radiation absorbed is nore likely
to produce long-termeffects, which manifest thenselves years after the
original exposure, and may be due to a single | arge over-exposure or
continuing | owlevel exposure.

Sufficient evidence exists in both human popul ati ons and | aboratory
animals to establish that radiation can cause cancer and that the incidence
of cancer increases with increasing radi ati on dose. Human data are extensive
and i nclude epi dem ol ogi cal studies of atom ¢ bomb survivors, many types of
radi ati on-treated patients, underground niners, and radiumdial painters.
Reports on the survivors of the atonmic bonb explosions at Hi roshima and
Nagasaki, Japan (w th whol e-body external radiation doses of 0 to nore than
200 rad) indicate that cancer nortality has increased (Kato and Schul | 1982).
Use of X-rays (at doses of approximately 100 rad) in nedical treatnent for
ankyl osi ng spondylitis or other benign conditions or diagnostic purposes,
such as breast conditions, has resulted in excess cancers in irradi ated
organs (BEIR 1980, 1990; UNSCEAR 1977, 1988). Cancers, such as |eukenia, have
been observed in children exposed in utero to doses of 0.2 to 20 rad (BEIR,
1980,
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1990; UNSCEAR 1977, 1988). Medical use of Thorotrast (colloidal thorium

di oxide) resulted in increases in the incidence of cancers of the |iver,

bone, and lung (ATSDR 1990a; BEIR 1980, 1990; UNSCEAR 1977, 1988).
Cccupational exposure to radiation provides further evidence of the ability
of radiation to cause cancer. Numerous studi es of underground m ners exposed
to radon and radon daughters, which are al pha emitters, in uranium and ot her
hard rock m nes have denpnstrated increases in |lung cancer in exposed workers
(ATSDR 1990b). Workers who ingested radium 226 while painting watch di als had
an increased incidence of |eukenia and bone cancer (ATSDR 1990c). These
studi es indicate that depending on radiati on dose and the exposure schedul e,
ionizing radiation can induce cancer in nearly any tissue or organ in the
body. Radi ati on-induced cancers in humans are found to occur in the

henopoi etic system the lung, the thyroid, the liver, the bone, the skin, and
ot her tissues.

Laboratory ani mal data indicate that ionizing radiation is carcinogenic
and mutagenic at relatively high doses usually delivered at high dose rates.
However, due to the uncertainty regarding the shape of the dose-response
curve, especially at | ow doses, the commonly held conservative position is
that the cancer may occur at dose rates that extend down to doses that coul d
be received fromenvironnmental exposures. Estimtes of cancer risk are based
on the absorbed dose of radiation in an organ or tissue. The cancer risk at a
particul ar dose is the sane regardl ess of the source of the radiation. A
compr ehensi ve di scussi on of radiation-induced cancer is found in BEIR IV
(1988), BEIR V (1990), and UNSCEAR (1982, 1988).

B.4.4 Cenetic Effects

Radi ati on can induce genetic damage, such as gene mutations or
chromosomal aberrations, by causing changes in the structure, nunber, or
genetic content of chronmpbsones in the nucleus. The evidence for the
mut agenicity of radiation is derived fromstudies in |aboratory ani mal s,
nostly mce (BEIR 1980, 1988, 1990; UNSCBAR 1982, 1986, 1988). Evidence for
genetic effects in humans is derived fromtissue cultures of hunman
I ynphocytes from persons exposed to ingested or inhaled radionuclides (ATSDR
1990c, 1990d). Evidence for nutagenesis in human germcells (cells of the
ovaries or testis) is not conclusive (BEIR 1980, 1988, 1990; UNSCEAR 1977,
1986, 1988). Chronpsone aberrations follow ng radiati on exposure have been
denmonstrated in nman andn in experinmental aninals (BEIR 1980, 1988, 1990;
UNSCEAR 1982, 1986, 1988).

B.4.5 Teratogenic Effects

There is evidence that radiation produces teratogenicity in animls. It
appears that the developing fetus is nore sensitive to radiation than the
not her and is nost sensitive to radiation-induced danage during the early
stages of organ devel opnment. The type of mal formati on depends on the stage of
devel opnment and the cells that are undergoing the nost rapid differentiation
at the tine. Studies of nental retardation in children exposed in utero to
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radiation fromthe atom c bonb provide evidence that radi ati on nay produce
teratogenic effects in human fetuses (Qake and Schull 19843. The damage to
the child was found to be related to the dose that the fetus received.

B.5 UNITS I N RADI ATI ON PROTECTI ON AND REGULATI ON

B.S. 1 Dose Equival ent and Dose Equival ent Rate. Dose equival ent or rem
is a special radiation protection quantity that is used to express the
absorbed dose in a nmanner which considers the difference in biological
ef fectiveness of various kinds of ionizing radiation. The | CRU has defi ned
t he dose equivalent, H, as the product of the absorbed dose, D, the quality
factor, Q and all other nodifying factors, N, at the point of interest in
biologicaf tissue. This relationship is expressed as foll ows:

H-Dx Qx N

The quality factor is a dinensionless quantity that depends in part on the

st oppi ng power for charged particles, and it accounts for the differences in
bi ol ogi cal effectiveness found anong the types of radiation. By definition it
i s independent of tissue and biol ogical end point and, therefore, of little
use in risk assessnent now. Originally Relative Biolotical Effectiveness
(RBE) was used rather than Qto define the quantity, rem which was of use in
ri sk assessnment. The generally accepted values for quality factors for
various radiation types are provided in Table B-3. The dose equivalent rate
is the time rate of change of the dose equivalent to organs and tissues and
is expressed as renfunit time or sievert/unit tine.

B.5.2 Relative Biological Effectiveness. The termrel ative biol ogic
ef fectiveness (RBE) is used to denote the experinentally determ ned ratio of
t he absorbed dose fromone radi ation type to the absorbed dose of a reference
radi ation required to produce an identical biologic effect under the sane
conditions. Ganma rays from cobalt-60 and 200 to 250 KeV X-rays have been
used as reference standards. The term RBE has been widely used in
experinental radiobiology, and the termquality factor used in calcul ations
of dose equival ents for radiation protection purposes (ICR? 1977; NCRP 1971;
UNSCEAR 1982). The generally accepted values for RBE are provided in Table
B- 4.

B.S.3 Effective Dose Equivalent and Effective Dose Equival ent Rate. The
absor bed dose is usually defined as the nean absorbed dose wi thin an organ or
tissue. This represents a sinplification of the actual problem Nornally
when an individual ingests or inhales a radionuclide or is exposed to
external radiation that enters the body (gamm), the dose is not uniform
t hroughout the whol e body. The sinplifying assunption is that the detrinent
will be the sanme whether the body is uniformy or nonuniformy irradiated. In
an attenpt to conpare detrinment from absorbed dose of a limted portion of
the body with the detrinment fromtotal body dose, the ICRP (1977) has derived
a concept of effective dose equival ent.
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TABLE B-3. Quality Factors (QF)

1. X-rays, electrons, and positrons of any specific ionization

QF = 1.

2. Heavy ionizing particles

Average LET in Water

(MeV/cm) QOF

35 or less 1

35 to 70 1l to 2
70 to 230 2 to 5
230 to 530 5 to 10
530 to 1750 10 to 20

For practical purposes, a QF of 10 is often used for alpha particles® and
fast neutrons and protons up to 10 MeV. A QF of 20 is used for heavy
recoil nuclei.

®The ICRP (1977) recommended a quality factor of 20 for alpha particles.

LET = Linear energy transfer
MeV/cm = Megaelectron volts per centimeter
MeV = Megaelectron volts
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TABLE B-4. Representative LET and RBE Values*

Energy Av. LET Quality

Radiation (MeV) (keV/p) RBE Factor
X-rays, 200 kVp 0.01-0.2 3.0 1.00 1
Gamma rays 1.25 0.3 0.7 1
4 0.3 0.6 1
Electrons (R) 0.1 0.42 1.0 1
0.6 0.3 1.3 1
1.0 0.25 1.4 --
Protons 0.1 90.0 -- 6
2.0 16.0 2 10
5.0 8.0 2 10
Alpha particle 0.1 260.0 -- --
5.0 95.0 10-20 10
Heavy ions 10-30 ~150.0 ~25 20
Neutrons thermal 4-5 3
1.0 20.0 2-10 10

*These values are general and approximate.
different measures of biological injury.

MeV = Megaelectron volts
KeV/p = Kiloelectron volts per micron
RBE = Relative biological effectiveness

kVp
LET

Kilovolt potential
Linear energy transfer

RBE and QF values vary widely with
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The effective dose equivalent, H, is

H. = (the sumof) W H

where H is the dose equivalent in the tissue, W is the weighting factor
whi ch represents the estimted proportion of the stochastic risk resulting
fromtissue, T, to the stochastic risk when the whole body is uniformy
irradi ated for occupational exposures under certain conditions (ICRP 1977).
Weighting factors for selected tissues are listed in Table B-5.

The I CRU (1980), |ICRP (1984), and NCRP (1985) now recomrend that the
rad, roentgen, curie and rem be replaced by the SI units: gray (GY), Coul onb
per kilogram (C/ kg), becquerel (Bg), and sievert (Sv), respectively. The
relationship between the customary units and the international system of
units (ST) for radiological quantities is shown in Table B-6.
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TABLE B-5. Weighting Factors for Calculating
Effective Dose Equivalent for Selected Tissues

Tissue Weighting Factor
Gonads 0.25
Breast 0.15
Red bone marrow 0.12
Lung 0.12
Thyroid 0.03
Bone surface 0.03

Remainder 0.30




203

APPENDIX B

TABLE B-6. Comparison of Common and SI Units
for Radiation Quantities

Customary
Quantity Units Definition SI Units Definition
Activity (&) Curie (Ci) 3.7x10%0 becquerel s71
transforma- (Bq)
tions s7!
Absorbed Dose (D) rad (rad) 1072Jkg™! gray (Gy)Jkg™?
Absorbed Dose
Rate (D) rad per 10"2Jkg 1s™? gray per Jkgis™!
second ) second
(rad s71) (Gy s7%)
Dose Equivalent
(H) rem (rem) 10"2Jkg™? sievert (Sv) Jkg!
Dose Equivalent
Rate (H) rem per 1072Jkg 1s7? sievert per Jkg'is7!
second second
(rem s°1) (Sv s71)
Linear Energy kiloelectron 1.602x1071%m"! kiloelectron 1.602x1071%Jm™?
Transfer (L.) volts per volts per
micrometer micrometer
(keVpM™1) (keVpm™1)

S™! = per second

Jkg™! = Joules per kilogram

Jkg'ls™! = Joules per kilogram per second
Jm™! = Joules per meter
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